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The use of swirling airflow in fluidized bed processor has not been fully explored 
although it has been extensively studied in other industries. In an innovation to the 
fluidized bed processor, the FlexStreamTM (FS) fluidized bed processor adopted a 
swirling airflow instead of employing axial airflow which is typical of a 
conventional fluidized bed processor. This new FS processor is the main focus of 
this study. 
Two response surface approaches were employed to understand and optimize the 
process of FS fluidized bed granulation. Parameters such as amount of binder 
solution delivered, binder solution spray rate and distance between spray nozzle 
and powder bed were studied using the central composite design while other 
parameters such as inlet airflow rate, atomizing air pressure and distance between 
spray nozzle and powder bed were studied using the Box-Behnken design. 
Statistically significant models were developed to describe the relationship 
between these parameters with some important granule properties, such as mass 
median diameter, span, lumps and fines. Following from the developed models, 
the process was optimized to produce granules with desired properties. 
Granules prepared by the FS processor were compared with granules made by 
conventional fluidized bed processor at various spray rates. Granules made by this 
processor were generally smaller and possessed more medium sized granules at 
higher spray rates (60 g/min to 80 g/min) compared to granules prepared by top-
spray granulation. This was brought about by the better drying capacity of the 
swirling airflow in the FS fluidized bed processor. However, under-granulation 
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was observed for FS granulation at a low spray rate (21 g/min) but not in the top-
spray granulation.  
FS fluidized bed processor was explored for drug layering onto small beads (355 – 
425 μm) by spray coating. Coating formulations containing two grades of 
hydroxypropylmethyl cellulose (HPMC), HPMC E3 and HPMC VLV, were used 
to layer coat small beads at different spray rates. HPMC VLV was found to be 
better than HPMC E3 due to the possibility of a higher useful yield in the product. 
Subsequently, prolonged small bead drug layering was carried out with HPMC 
VLV as main film forming agent and metformin hydrochloride as the model drug. 
One-to-one weight gain runs for the drug layered beads were completed in about 
6 h without stopping the process. Examination of these drug layered beads after 6 
h continuous layering found that a high useful yield (about 90 %, w/w) could be 
achieved. The enhanced drying capacity with an elevated attritive condition 
caused by the airflow in the FS processor and the selection of suitable coating 
formulation had contributed to the good drug layering results. 
Swirling airflow was found advantageous for the fluidized bed processor. The 
swirling airflow had resulted in a better drying capacity for the processor and had 
enabled it to tolerate higher liquid spray rates. This had translated into shorter 
process time without impairing the quality of granules produced. In addition, the 
higher attritive conditions caused by the swirling airflow and atomizing air had 
help to reduce agglomeration in the long coating time involved for drug layering. 
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The production of solid dosage forms in the pharmaceutical industry is known to 
be a process that involves multiple stage unit processes such as weighing and 
dispensing of ingredients, blending, granulating, drying, compacting and coating. 
All of these processes could impact final product quality differently. Among all 
these processes, granulation and coating are the two unit processes of particular 
interest in this project. The reason for this is because properties of the granules 
were reported to have significant effects on the quality of the resultant tablets 
(Forlano and Chavkin, 1960; Marks and Sciarra, 1968; Wikberg and Alderborn, 
1992). Similarly, coating is the final unit process to be applied to the product and 
therefore it is important to maintain the product quality. If the coat application is 
not properly carried out, the function of the coat could be altered and therefore, 
affect the quality of the product. 
A.1. Granulation   
Granulation is defined as a process for gathering small discrete particles into 
larger, coherent aggregates or granules, in which the component particles can still 
be identified (Ennis and Litster, 1997).  Granulation is widely used in the 
pharmaceutical industry. It usually starts after dispensing and dry blending of 
formulation components into a uniform mix, followed by conversion into 
aggregates or granules which are to be used as tablet or capsule feed. Granules 
have several advantages over powders, such as superior drug uniformity or drug 
distribution, better flow properties, less dust generation, less segregation of the 
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ingredients, better compaction characteristics, higher bulk density and better 
appearance (Parikh, 2005). 
Granulation may be carried out by a dry or wet granulation procedure.  
A.1.1. Dry granulation 
As the term suggests, liquid is not required in dry granulation. The binder, when 
needed, is usually added as a dry powder and blended with the other 
pharmaceutical ingredients. Thus, drying is avoided and this leads to savings in 
energy cost and process time. As a consequence, dry granulation is often the more 
preferred method where possible as it is easier, more direct and cost saving. 
Furthermore, it is ideal for pharmaceutical products containing heat or moisture 
sensitive actives because the process does not involve moisture addition and heat. 
Dry granulation involves compression of the powder mixture by slugging or roller 
compaction (Miller and Sheskey, 2007). Slugging is carried out by feeding 
powder into a heavy duty compression machine, where the powder will be 
compressed into large compacts or slugs, typically with a diameter of 2 – 3 cm 
and thickness of about 1 cm. These slugs are subsequently milled and fractionated 
for further processing into capsules or tablets. With the roller compactor, feed 
powder is forced through a pair of counter-rotating rollers to form flakes. Similar 
to slugging, the flakes formed would be milled and fractionated accordingly 
before subsequent processes. However, success of the dry granulation process is 
limited by the suitability of the material properties of the feed powder mixture. 
The powder mixture needs to possess adequate compressibility to enable dual 
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compaction cycles for it to be a good candidate for dry granulation. Unfortunately, 
there are not many actives and pharmaceutical ingredients that could easily meet 
this requirement satisfactorily. Hence, there is a general preference for the 
adoption of wet granulation by the pharmaceutical industry. 
A.1.2. Wet granulation 
As opposed to dry granulation, a liquid is used in the wet granulation process. The 
liquid could be either water or organic solvent such as alcohol but concerns of 
environmental pollution, explosion hazards, solvent toxicity and high cost have 
reduced considerably the use of organic solvents (Hogan, 1982). When required, 
the binder could be incorporated by dissolving it in the granulating liquid. Despite 
literature reports that binder content variation in granules could result in granules 
of different properties (D'Alonzo et al., 1990; Paris and Stamm, 1985), it will not 
be of great concern to the pharmaceutical product manufacturer, as long as the 
overall product quality is not adversely affected. 
In wet granulation, four key mechanisms or stages are identified: wetting and 
nucleation, coalescence, consolidation and attrition or breakage (Ennis, 2010). In 
the first stage, the moistening liquid is sprayed as atomized droplets on to the 
powder mixture to be granulated. Wetting of the powder mixture promotes 
agglomeration, first by nucleation of the fine particles. Nucleation is the initial 
coalescence of primary particles in close vicinity of where the binding liquid 
droplets impact.  In the second stage, collision of the coalesced particles occurs to 
form larger entities (aggregates). In some cases, aggregate growth can occur by 
layering, where fine primary particles are attached to a larger aggregate. Shear 
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forces in the agitated bed enable the consolidation and growth of the aggregates to 
form granules. The consolidation process affects some granule properties such as 
internal granule voidage and hence, granule porosity, mechanical strength and 
dissolution rate. Along with granule growth, the granules are also subjected to 
attrition due to their collision and impact on the surfaces of the processor. 
Attrition is usually more pronounced when granules are dried and the outcome is 
the generation of fines. Therefore, granulation can be viewed as a process with a 
balance between granule growth and granule attrition. For a successful 
granulation process, the former has to predominate.  
Wet granulation can also be carried out by wet massing using an impeller or 
extruder and drying by adopting the fluidized bed concept. All of the 
aforementioned key granulation mechanisms may occur simultaneously, albeit at 
varying rates, in the wet granulation process. However, due to differences in the 
granulator employed, some of the mechanisms could be more dominant than the 
others. For example, consolidation is more dominant in high shear granulation or 
extrusion granulation than fluidized bed granulation due to the direct force 
applied by the impeller or extruder. A brief summary of the more common 
granulation methods used by the pharmaceutical industry will be discussed with 
the expected granule characteristics. 
Low and high shear granulation 
Low and high shear granulation methods are classified based on agitation forces 
in the granulators involved. Low shear granulators are designed with lower 
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agitator speeds, sweep volumes or bed pressures and generate relatively lower 
shear rate than high shear granulators and extruders (Chirkot and Propst, 2005). 
Examples of low shear granulators are ribbon and paddle blenders, planetary 
mixers, orbiting screw granulators, sigma blade mixers and rotating-shape 
granulators, and the physical designs of these processors may be very different. In 
contrast, high shear granulators are generally designed with the basics of a mixer 
bowl, a main impeller and a chopper. The main impeller can rotate at high speeds 
to provide  a high shear environment during the granulation process while the 
main function of the chopper is to breakdown any incidental large wet clumps 
during the process (Gokhale and Trivedi, 2010). Granules produced by high shear 
granulation were reported to produce harder tablets than granules produced by 
low shear granulation (Shiromani and Clair, 2000). In general, bulk density values 
of low shear granules are intermediate in value between fluidized bed and high 
shear granules (Chirkot and Propst, 2005). 
Extrusion granulation 
Extrusion spheronization is usually used to produce uniformly sized spherical 
granules or pellets. It is considered a specialized form of the granulation 
technology as the process does fit into the definition of granulation, where fine 
particles are converted into larger aggregates. However, extrusion spheronization 
is a multiple-step process that is more labour and time intensive than other 
commonly used granulation technologies (Mehta et al., 2005). Nonetheless, 
extrusion spheronization has the advantage of being able to incorporate high 
7 
 
levels of actives. Active contents as high as 80 % could be produced using this 
method (Hileman et al., 1993). 
The extrusion spheronization technique comprises two primary process steps. In 
extrusion, the moistened powder mass is forced through dies and transformed into 
cylindrical extrudates, often broken in short lengths. These extrudates are next 
transferred into a spheronizer, where rotary action forces the extrudates to move 
across the raised frictional protuberances on the rotating base disk of the 
spheronizer. Frictional forces cause the wet mass to be rounded into spherical 
pellets with consolidation. Spherical granules produced from this technology 
exhibited high yields and had lower friability than granules prepared by high 
shear granulation (Keleb et al., 2004). It was also noted that extrusion granulation 
was a more robust process and was minimally affected by variations in the 
particle size and morphology of the ingredients.  
Fluidized bed granulation 
A popular granulation process in the pharmaceutical industry utilizes the fluidized 
bed technology. Fluidized bed processors were originally introduced for drying 
(Aulton, 2007; Scott et al., 1963; Travers, 1975; Zoglio et al., 1975), but has since 
been utilised for mixing (Delebarre et al., 1994; Schaafsma et al., 1999), wet 
granulation (Dahl and Bormeth, 1990; Davies and Gloor Jr, 1971; Loh et al., 2011)  
and particle coating (Coletta and Rubin, 1964; Jones, 1994; Wolkoff et al., 1968; 
Wurster, 1959). Fluidization of powders can be achieved by delivering an air 
stream upwards from the base of the static powder bed (Parikh and Mogavero, 
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2005). When the airflow rate is higher than the minimum fluidization velocity of 
the particles, the behaviour of these static particles will change from static bed to 
suspended particles that behave collectively like a fluid. The inter-particle void 
spaces and motion enable the fluidized particles to mix well. If the upward airflow 
is heated, rapid drying of the bed can be achieved. With the introduction of a 
spray nozzle to spray granulating liquid onto the particles during fluidization, wet 
granulation or particle coating could be achieved, depending on the rate and 
nature of liquid sprayed. Generally, fluidized bed granulation requires higher rate 
of liquid spray than coating, to cause the agglomeration of the fluidized particles. 
Primary particles in the fluidized bed are wetted by the atomized granulating 
liquid and form nuclei. These nuclei consist of primary particles held by liquid 
bridges. The size of the nuclei depends on the relative size of the binder liquid 
droplets and the primary particles. In the early phase, liquid saturation levels in 
the newly formed nuclei are low and they are known to be in the pendular state, 
where three phases (air, binder liquid and primary particle) coexist within the 
nuclei. With more granulating liquid sprayed into the fluidized bed, the liquid 
saturation level within the nuclei increase and air is slowly displaced to form the 
funicular state. Particle-particle collisions during fluidization of the powder also 
contribute, to a smaller extent, to the closer packing of the particles and aid the 
displacement of air from the wet nuclei. With sufficient binder liquid sprayed, 
most of the air is displaced and the nuclei reach the capillary state. 
In fluidized bed granulation, the wet nuclei are dried concurrently by the hot 
fluidizing air. The liquid bridges within the nuclei will then be replaced by solid 
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bridges, which constitute the binder polymer or re-crystallised solids from the 
primary particle.  
Various studies have been conducted to compare fluidized bed granules with 
granules prepared by other granulation technologies. Differences in particle size 
distribution of the granules produced by low shear, high shear and fluidized bed 
granulation methods were observed (Hausman, 2004). With sufficient amount of 
binder, fluidized bed granules showed narrower particle size distribution, lower 
density and good flow properties when compared to granules prepared by low 
shear granulation (Ragnarsson and Sjögren, 1982). Fluidized bed granules were 
also found to be more porous, less dense, and more compressible than granules 
prepared by high shear granulation (Gao et al., 2002). On the other hand, granules 
from fluidized bed granulation were found to have higher bulk and tapped 
volumes but lower hardness  when compared to granules made by extrusion 
granulation (Arnaud et al., 1998). Similarly, Kristensen and Hassen (2006) also 
showed that granules from fluidized bed granulation had lower bulk density, 
higher porosity, better compressibility but poorer flow properties than granules 
prepared using a rotary processor. 
As the granules prepared by the fluidized bed process have been found to possess 
highly desirable properties, it is of particular interest to study the process and 
explore possible improvements to the technology for process efficiency. A 
drawback of fluidized bed granulation technologies in use today is the 
requirement of a relatively long process time (Gao et al., 2002) for granulation 
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followed by drying operations. Therefore, it is desirable to shorten the process 
time without compromising the quality of granules produced. 
A.2. Particle coating 
Coating is another unit process in the pharmaceutical industry that has been 
extensively employed. Coating may be applied on tablets or multiparticulates. The 
coating of solid dosage forms is usually conducted to serve a variety of purposes, 
such as to sustain drug release (Abbaspour et al., 2008; Sriamornsak et al., 1997), 
for targeted release (Freire et al., 2009), protection against the environmental 
agents (Ji et al., 2007), taste masking (Kayumba et al., 2007), identification and 
enhancement of the physical appearance (Cole, 1995).  
Coating of tablets or multiparticulates is a process that mainly takes place on the 
surface of the substrate core to be coated. Hence, surface interactions such as, 
wetting, spreading and adhesion of the coating formulation on the core surface are 
of utmost important. Coating formulation is usually atomized to fine droplets 
which subsequently impinged onto the core surface. Upon impingement of, the 
coating formulation spreads onto the surfaces to eventually cover all the core 
surface with additional spray droplets delivered. Good spreading of the coating 
formulation not only distributes the coat material evenly on the core surface, but 
also maximizes the surface area for fast drying of the coating formulation. A 
balance in wetting and drying must be carefully controlled to ensure the success 
of the process. Excessive wetting results in problems such as sticking while 
excessive drying often leads to rough surface. The latter is also known as “orange-
peel” on the coated product. Core particles in a coating process are always in a 
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dynamic state, so that the core particles are exposed to the coating formulation in 
the spray zone and subsequently dried by the surrounding hot air in the drying 
zone, before the core particles are exposed to the atomized coating formulation in 
the spray zone again. The motion of the core particles was reported as one of the 
important factors in governing the appearance of the coated product (Rowe, 1988).    
Conventionally, tablet coating is conducted using a side-vented pan coater (Figure 
1). Atomized coating medium is delivered from the spray nozzle onto the 
tumbling tablets in the rotating perforated pan. Hot drying air is supplied from the 
side and removed through the tablet bed by suction to allow fast drying and 






Figure 1. Schematic diagram of perforated side-vented pan coater. 
Coating of multiparticulates has attracted much interest due to the advantages of 
coated multiparticulates in improving dosage form performance, such as 
independence from gastric emptying, reproducible bioavailability and reduced 








most research studies on coated multiparticulates involved particles larger than 
710 µm (Hutchings and Sakr, 1994; Lorck et al., 1997; Rekhi et al., 1989; Wang 
et al., 2010; Wesdyk et al., 1993; Yang et al., 1992) as coating finer particles 
showed high tendencies of agglomeration (Jones, 1994; Tang et al., 2008). In 
addition, small particle coating is particularly challenging due to the large surface 
area for film coating or drug layering. The lower production rate in capsule filling 
compared to tabletting makes tablets the more favourable and cost-effective 
product. Therefore, compaction of coated particles as a multiparticulate dosage 
form is of interest to many researchers (Abbaspour et al., 2008; Dashevsky et al., 
2004; Debunne et al., 2004). Smaller particles were found to have lower degree of 
deformation under compressive pressure (Johansson et al., 1998) and therefore, 
might be less damaging to the functional coats applied when compacted into 
tablets.  
Small particle coating is usually conducted using a fluidized bed processor. A 
more detailed study of particle coating using this processor is desirable to further 
improve the process. 
B. Types of fluidized bed processor 
Depending on the placement of the spray nozzle, fluidized bed processors could 
be broadly classified into 3 categories, namely top-spray, bottom-spray and side-
spray (Figure 2). It has been reported that equipment designs affect the processor 




B1. Top-spray fluidized bed processor 
Since the introduction of the fluidized bed processor by Wurster (1959), many 
studies have been carried out to investigate the various aspects of fluidized bed 
granulation. The majority of these studies were based on top-spray fluidized bed 
granulation (Alkan and Yuksel, 1986; Kokubo and Sunada, 1997; Schœfer and 
Worts, 1977a, b, 1978a, b, c). The spray nozzle of a top-spray processor is 
positioned above the powder bed and faces downward (Figure 2a). Therefore, the 
atomized liquid is sprayed downward, counter current to the airflow, onto 
materials intended to be processed. Process air is supplied via the plenum through 
the air distribution plate for ensuring even distribution of air when it enters the 
product chamber. Above the minimum fluidization velocity, at which the lifting 
force exceeds the weight of the powder bed, the particles begin to be fluidized 
with the air stream. However, as the cross-sectional area of the chamber increases 
from bottom to top of the top-spray fluidized bed processor, upward pressure 
decreases accordingly until it is unable to support the lift of the particles. 
Furthermore, the impinging spray liquid droplets increase the overall mass of the 
suspended particles. Hence, the individual or agglomerated particles fall back via 
the peripheral regions to the bottom of the processor again. The above cycle is 
repeated until the process is completed. As mentioned previously, fluidized bed 
granules have some advantages over those prepared by other methods of 
granulation. In addition, this is a “one-pot” granulation-drying system which 







Figure 2. Schematic diagrams of (a) top-spray, (b) bottom-spray, (c) side-spray 
fluidized bed processors. Dark arrows in the diagrams indicate airflow pattern. 
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Nevertheless, there are some disadvantages reported for top-spray granulation. 
The granules made were found to be more irregular in shape than those made by 
“forced” granulation methods using a mixer, slugging or  roller compaction 
(Arnaud et al., 1998). Furthermore, the spray liquid in atomized form and its 
delivery in  a counter direction to the airflow contribute significantly to spray 
drying effect (Jones, 1989; Mehta et al., 1986). Therefore, spray droplets from 
top-spray delivery system would potentially be dried before contact with the 
particle surface and hence lost as fines. As a consequence, a relatively wetter 
powder bed is required as too hot and dry a bed would accentuate spray drying of 
the binder solution. Er et al. (2009) attributed the relatively lower drug content 
uniformity of top-spray granules to the spray drying of the drug contained in the 
binder liquid.  In coating, spray drying also resulted in loss of coat polymer 
(Schmidt and Niemann, 1992, 1993).  
B2. Bottom-spray fluidized bed processor 
Figure 2b depicts the design of a bottom-spray fluidized bed processor where the 
spray nozzle is placed centrally at the bottom of the processor. In its design, a 
partition column vertically divides the processor into two concentric 
compartments. With the aid of the air distribution plate, the particles are sucked 
into the spray zone just on top of the nozzle by a venturi effect. A central air 
sprout is created inside the partition column where the particles are coated, dried 
and finally up and out of the partition column to the outer peripheral concentric 
compartment. These particles will then “queue” in the periphery for their turn to 
re-enter the spray zone. The “fountain-like” movement will continue until the 
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process is completed. Since the nozzle is close to the particle bed and the liquid 
droplets move concurrent with the airflow and only for a short distance before 
impingement onto the particles, coating by the use of bottom-spray fluidized bed 
processor was capable of evenly applying film on the particles (Jones, 1994; 
Jones, 1985). Furthermore, spray drying effect was less for bottom spray than the 
top-spray fluidized bed processor (Er et al., 2009).  
In view of the advantage of reduced spray drying effects, the possibility of 
bottom-spray granulation was explored (Er et al., 2009; Liew et al., 2009). 
Granules prepared by bottom-spray fluidized bed granulation were found to 
possess certain favourable characteristics, such as smaller granules (Ichikawa and 
Fukumori, 1999), more spherical granules with better flow (Er et al., 2009) and 
smoother surfaces (Hemati et al., 2003).  
In contrast, one of the disadvantages of bottom-spray granulation was that the 
granules were less porous or dense (Er et al., 2009; Ichikawa and Fukumori, 
1999). It was necessary for the primary feed particles to flow reasonably well to 
allow for successful bottom-spray granulation runs. In addition, the process was 
reported to be slower because of higher risks of over-wetting due to close contact 
of powder bed with binder solution (Ichikawa and Fukumori, 1999).  
B3. Side-spray fluidized bed processor 
Figure 2c depicts the design of a tangential-spray fluidized bed processor. This 
equipment is essentially a merged rotary spheronizer and fluidized bed processor, 
arranged concentrically with the fluid bed in the periphery. The spray nozzle is 
located at the side of the processor and immersed in the powder bed. The material 
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to be processed is loaded onto the rotating frictional disk (Parikh and Mogavero, 
2005) and a peripheral gap air around the rotating frictional disk prevents the 
material from falling through the gap. Rotation of the frictional disk exerts a 
centrifugal force onto the processor content, pushing it towards the adjustable 
cylindrical wall. During spray liquid addition, the rotating disk conveys the 
material across the spray zone and the gap air assists with material flow. The 
centrifugal force contributed by the rotating frictional disk, the uplifting force 
from gap air and the gravitational force acting on the powder bed results in the 
rope-like movement of the bed (Jäger and Bauer, 1982). When the adjustable wall 
is raised, the wetted content in the processor could move into the outer drying 
zone where hot upward fluidization air is present. The wetted mass is therefore 
dried in the outer concentric peripheral drying zone. As the particles are dried, 
they become less dense and are replaced by denser wet particles until the whole 
bed is dried.  
The side-spray rotary granulation process was found to support higher spray rate 
when compared to the top-spray fluidized bed processor (Jäger and Bauer, 1982; 
Kroger et al., 1979). Jäger and Bauer also reported that the granule growth in 
side-spray granulation was relatively uniform, resulting in granules of low 
friability and good flow properties. They attributed the high content uniformity of 
a low dose of butalbital in granules to the intense mixing of moistened mass 
during the rope-like movement. Furthermore, Kroger et al. (1979) also found that 
powder elutriation only occurred at higher airflow. As opposed to bottom-spray 
granulation, the side-spray granulation process was found to be less dependent on 
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flow properties of the powder bed (Kristensen and Hansen, 2006). In addition, it 
was also reported that the distribution of the low dose drug was more 
homogeneous in the side-spray fluidized bed processor. For particle coating, side-
spray fluidized bed processor was reported to be superior to top-spray fluidized 
bed processor due to less spray drying effect of the coating liquid (Iyer et al., 
1993).  
Disadvantages of side-spray processes had been identified by some researchers. 
Kristensen and Hansen (2006) reported significant material loss in their studies 
due to material adhesion to the rotating plate. Granules produced were too dense 
and hence less compactable. Scale up of the side-spray rotary processor design 
could be expensive. The risks of bed over-wetting and spray nozzle clogging are 
relatively high due to the close proximity of powder bed to the liquid spray nozzle. 
C. Factors influencing fluidized bed granulation and product quality 
Fluidized bed granulation is potentially a complex process. The quality of the 
products prepared using a fluidized bed processor could be impacted by various 
factors. These factors can generally be classified into two broad categories, i.e. the 
nature of the raw materials to be granulated and the choice of operational 
parameters of the process.  
C.1. Effect of raw materials on granulation and coating 
The effect of raw materials on granulation and coating have been studied 
extensively. Some of the reported findings summarized here are not related to the 
fluidized bed process. Nevertheless, the basic principles do apply as the effects 
are related to granulation or coating. 
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Wettability of powder bed 
Wettability of pharmaceutical powder has been long studied and been known to 
affect the production processes and final pharmaceutical products (Allen and 
Davies, 1975; Kawashima et al., 1975; Lerk et al., 1976). As previously discussed, 
wetting of the powder mixture by the moistening liquid is a crucial first step to 
initiate wet granulation. The binder added has to be appropriately distributed over 
particle surfaces to ensure that most of the early random collisions of the particles 
will lead to coalescence and successful granulation (Tardos et al., 1997). 
Conditions that allow the formation of liquid bridges between the colliding 
particles will result in coalescence by the formation of wet agglomerates. The 
liquid bridges with the agglomerated are converted to stable and strong solid 
bridges upon drying. Easily wetted powders were found to improve granule 
growth and binder liquid viscosity was not important (Hemati et al., 2003; Pont et 
al., 2001). In addition, good wetting facilitated the distribution of the binder liquid, 
which penetrated between the particles, leading to formation of stronger and 
denser granules (Opakunle and Spring, 1976; Zhang et al., 2002). Mean granule 
size was found to increase with increasing wettability of binding liquid on the 
powder in fluidized bed granulation (Aulton et al., 1977). Low wettability due to 
the hydrophobicity of the powder mixture accounted for low granule strength and 
granule size (Nguyen et al., 2009).  
Similar to granulation, coating efficiency was also found to increase with 
decreasing contact angle between coating liquid and the particles (Saleh and 
Guigon, 2007). Nadkarni et al. (1975) concluded that low contact angle was 
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important to provide maximum interaction of the coating formulation with the 
core to ensure good coating. Similar findings were reported by Donita et al. 
(2005), but they further showed that the wettability of the coating suspension on 
the dry film was very important at affecting the process performance, as much as 
the adhesion of the suspension on particle surface. This was because coating was 
viewed as a layering process and dry films were formed on the core. The 
subsequent coating formulation must spread well onto these dry films during 
coating in order to achieve good coating. Rocha et al. (2009) concluded that 
coating could not occur in a system where the contact angle of coating suspension 
on particle was greater than 70⁰ as the adhesion force for the liquid on the particle 
surface was insufficiently strong. Low wettability of the coating suspension 
resulted in poor adhesion of deposited coating droplets which upon drying may be 
detached, generating fines or peeled off (Donida et al., 2007).  
Surface tension of the coating formulation  
Wells et al. (1983) reported that bulk density of granules increased with surface 
tension of the binder liquid. In addition, an increase in binder liquid surface 
tension was found to decrease the extent of granule breakage (Liu et al., 2009). 
Wood et al.(1970) reported that an increase in adhesion strength was observed 
with increasing critical surface tension (theoretical surface tension when contact 
angle is equivalent to 0⁰) of the coating formulation on a tablet surface. Nadkarni 
et al. (1975) reported that increasing surface tension of the coating formulation 
increased the contact angle of the coating formulation on the core surface. This 
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potentially affected coating negatively. Rowe (1988) reported that surface within 
the intagliation of coated tablet was rougher than the exposed surface due to the 
weaker shear stress induced by surface tension of the coating formulation. 
Exposed surfaces of coated tablet were smoother due to the mutual rubbing of the 
tablets in the processor. 
Solubility of the powder particles 
Granule growth was found to be affected by powder solubility (Rajniak et al., 
2007). Liquid bridges holding particle surfaces together could partly dissolve the 
particles and upon drying, re-crystallization of the solute form stable solid bridges 
necessary for granule integrity. High solubility of glucose resulted in granules 
with lower porosity and spherical shape when compared to lactose or mannitol 
(Juppo and Yliruusi, 1994). Decrease in pore volume and increase in granule 
hardness were reported with increasing solubility of the powder particles in the 
binder liquid (Danjo et al., 1992). Part dissolution of the particles being 
granulated contributed significantly to the granule size and size distribution 
(Rohera and Zahir, 1993). In contrast, solubility of powder itself plays an 
insignificant role in the coating process due to the relatively lower moisture 
content of the environment where particle coating process is carried out. 
Particle size 
Primary particle size had a strong influence on granule growth rate and granule 
porosity (MacKaplow et al., 2000). Granule growth and porosity of granules were 
reported to be inversely related to particle size of feed material (Badawy and 
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Hussain, 2004). As a result, compressibility of granules prepared from powder of 
small particle size had better compressibility (Badawy et al., 2000) . 
Smaller particles were found to require more coating material due to their higher 
specific surface area (Iley, 1991). However, the process of coating small particles 
was confounded by agglomeration, which is undesirable event in particle coating 
(Friedman and Donbrow, 1978; Jones, 1994; Luštrik et al., 2012; Tang et al., 
2008). Nonetheless, successful particle coating had been accomplished with 
particles of about 710 μm or larger (Hutchings and Sakr, 1994; Lorck et al., 1997; 
Rekhi et al., 1989; Wang et al., 2010; Wesdyk et al., 1993; Yang et al., 1992). 
Particle shape 
The theoretical amount of liquid required for the transition of capillary state to 
form granules was estimated to be higher for irregularly shape particles (Štěpánek 
et al., 2009). Properties of granules formed by particles of different shapes were 
found to be different. Granules produced from iso-dimensionally shaped 
metronidazole particles were found to have better compactibility when compared 
to granules prepared from stick-shaped particles (Martino et al., 2007).  
An elongated shape was reported to affect the surface roughness of coated 
particles due to the intense inter-particle contacts during coating (Chopra et al., 
2002). The coats formed were liable to be ripped off during surface-surface 




Type of powder 
Plastic deformation of the material was proposed as an important factor for good 
granulation (Abberger, 2001). Granules prepared from lactose only and lactose-
starch mixture were found to be morphologically different, as the smaller starch 
particles could filled into the void spaces between the coarser lactose particles 
(Charinpanitkul et al., 2008). In addition, different grades of microcrystalline 
cellulose (MCC), a commonly used excipient in extrusion spheronization, could 
affect circularity and  drug release of the pellets prepared (Sinha et al., 2005). 
Similar to granulation, starting ingredients also affect the coating process. Pellets 
composed of MCC were found to produce better yields and coated pellets of 
better mechanical properties when compared to sugar pellets (Gryczová et al., 
2008). This was ascribed to the insolubility of MCC in water. 
Bed load 
Altering the bed load in a granulator without adjusting the amount of binder liquid 
accordingly would affect the binder to solid ratio. Binder to solid ratio could be 
reduced with an increased powder load. It was found that the granulation time to 
achieved similar physical properties of products such as particle size distribution 
and circularity could be reduced by an increasing binder to solid ratio (Hibare and 
Acharya, 2012). Furthermore, the same research group also reported that apparent 
granule strength decreased while packing coefficient increased with increasing 
binder to solid ratio. Bed load could affect the coating process as well. Drug 
release profiles of particles coated using bottom-spray fluidized bed processor 
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were found to be affected to a much greater extent compared to top-spray 
fluidized bed processor (Yang et al., 1992). 
Surface roughness 
Particle surface roughness is usually not a critical factor in wet granulation 
because of the relatively higher amount of liquid needed to be deposited onto 
particle surfaces to induce nucleation and / or coalescence of the particles. Thus, 
granulation processes are minimally affected by the surface roughness of the 
primary particles. 
In contrast, as coating involves the application of a film on the particle, surface 
roughness exerts a more profound influence on the coating process.  Generally, 
the rougher the initial surface of the core particle, the greater is the surface 
roughness of the coated particle (Aulton and Twitchell, 1995). Coat adhesion was 
found to increase with increasing surface roughness of the core tablets to be 
coated (Nadkarni et al., 1975). 
Type of binder 
Binders are added to improve granule strength. Many materials have been 
explored as binders in formulations and differences in the granules produced have 
been reported. The type of binder was found to affect granule size due to 
influence on spray droplet size and granule growth rate (Schœfer and Worts, 
1978b). The mechanism of granule growth was affected by the binding strength or 
adhesiveness of the binders (Ritala et al., 1986; Rohera and Zahir, 1993). 
Furthermore, granule strength was found to increase with increasing degree of 
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polymerization of the binding polymer (Horisawa et al., 1995). Granule properties 
such as granule strength, deformability and compressibility were found to be 
affected by the type of binders used (Yüksel et al., 2003). In addition, binders also 
affect the properties of tablets made. Starch and polyvinylpyrrolidone (PVP) were 
found to be better binders than acacia because they produced physically more 
stable tablets (Alam and Parrott, 1971).  In contrast to granulation, strong binding 
properties are not desirable in coating as agglomeration would compromise the 
coating process. 
Binder viscosity and concentration 
Increase in binder liquid viscosity would be expected with increasing binder 
concentration.  Hemati (2003) and Pont (2001) reported that binder liquid 
viscosity not important in granule growth but a number of reports have showed 
that granule size was positively correlated with binder liquid viscosity and 
concentration (D'Alonzo et al., 1990; Danjo et al., 1994; Davies and Gloor Jr, 
1972; Hoornaert et al., 1998; Keningley et al., 1997; Kokubo et al., 1995; Ma et 
al., 2010; Schœfer and Worts, 1978b; Wan et al., 1995b; Wan et al., 1996). 
However, an excessively high binder viscosity could have negative impact on the 
granules, such as deceased granule strength and widened size distribution due to 
uneven distribution of the binder (Rahmanian et al., 2011). In addition, binder 
viscosity was also reported to control rate of granule consolidation and granule 




Volume or amount of binder  
The amount of binder is critical for granulation as it was found that a small 
change in this factor could dramatically alter the granulation behaviour of the 
powder from practically no growth to very rapid growth when the amount of 
binder change from 17.8 %, w/w to 20.4 %, w/w (Hoornaert et al., 1998). Since 
binder serves as the adhesive for granule growth, one could expect that the 
amount of binder added during granulation could affect granule properties. Mean 
granule size was found to increase with more binder due to increased 
cohesiveness of the formulation (Bock and Kraas, 2001; Davies and Gloor Jr, 
1972; Juppo and Yliruusi, 1994; Ritala and Virtanen, 1991). Schœfer and Worts 
(1978c) also reported that an increase in the quantity of binder liquid resulted in 
granules with narrower size distribution. However, researchers also found  that 
narrow granule size distribution was achievable with an optimum amount of 
binder (Alkan and Yuksel, 1986). Binder liquid volume refers to the amount of 
liquid used to dissolve the binder. Granule crushing strength increased with 
increasing binder concentration or binder liquid volume. The former provided a 
tenacious framework that held the primary particles that form the granule while 
the later allowed soluble excipient to dissolve and then re-crystallize to form 
strong solid bridges upon drying (Vervaet et al., 1994; Wan et al., 1996). 
However, if the volume of binder liquid was too high, resulting in a highly diluted 






Coat formulations applied on particles during the coating process differ from 
media for wet granulation. The film forming agent is a requisite in a coating 
formulation. Various film forming agents could be chosen to produce films 
possessing different properties. These film forming agents could be broadly 
divided into 2 classes, namely the aqueous-soluble polymers (carboxymethyl 
cellulose sodium, hydroxypropyl cellulose, hydroxypropylmethyl cellulose, 
methyl cellulose, polyethylene glycols, povidone, etc.) and aqueous-insoluble 
polymers (methacrylic acid copolymer, cellulose acetate phthalate, 
hydroxypropylmethyl cellulose phthalate, polyvinyl acetate phthalate, 
ethylcellulose, etc.) (Seitz, 1988). Polymers with good water solubility usually 
would not affect the drug release pattern of the coated particles but provide other 
functions such as aesthetic improvement, identification and protection from the 
environment. As an example of aqueous-soluble polymers, hydroxypropylmethyl 
cellulose (HPMC) 2910 is a popular film forming agent that has been used for 
particle coating for many years (Heng et al., 1999; Kwok et al., 2004; Lee et al., 
2011; Lin et al., 2011; Luštrik et al., 2012; Perfetti et al., 2011; Tang et al., 2008). 
Recently, a  newly introduced low molecular weight grade of HPMC 2906, 
HPMC VLV, was reported to possess advantageous film coating properties such 
as low viscosity and  the plasticized film exhibited similar tensile strength to 
Young’s modulus ratio of HPMC 2910, indicating the potential superiority of 
HPMC VLV in film coating over HPMC 2910 (Bruce et al., 2011).   
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On the other hand, aqueous-insoluble polymers, when used as a film forming 
agent, could modify the drug release pattern. They could be used to produce 
targeted release products or sustained release products.  
In many cases, films formed by using polymers without additives were found to 
be brittle and cracked easily on drying. Therefore, additives, such as plasticizer is 
usually added into the polymeric formulation to ensure that the resultant film 
would be more flexible and resistant to mechanical stress. Both the type and 
amount of plasticizer could have an effect on the properties of the coat prepared 
(Bodmeier and Paeratakul, 1994; Hutchings and Sakr, 1994; Kwok et al., 2004; 
Ramakrishna and Mishra, 2002; Schultz et al., 1997). 
In addition to plasticizers, other polymers could be added to the coating 
formulation as a co-polymer. For example, polyvinylpyrrolidone (PVP) was 
found to lower the viscosity of the coating formulation containing HPMC and 
therefore lowered the extent of pellet agglomeration during coating (Wong et al., 
2002). Addition of salt such as sodium citrate and potassium citrate, in HPMC 
coating solution was found to suppress particle-particle agglomeration (Nakano et 
al., 1999). This finding was reported to be concentration dependent (Nakano and 
Yuasa, 2001). 
 C.1. Effect of process parameters on granulation and coating 
Humidity or powder bed moisture content has been identified as a significant 
factor in determining the success of fluidized bed granulation (Bilgili et al., 2011; 
Schaafsma et al., 1999; Watano et al., 1997). High powder bed moisture content is 
known to encourage granule growth (Kawai, 1993; Ouchiyama and Tanaka, 1982; 
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Schœfer and Worts, 1978a).  Due to the close relationship between moisture 
content and rate of granule growth, researchers have used the moisture content of 
a powder bed to develop mathematical models to understand and control the 
fluidized bed granulation process (Hu et al., 2008; Watano et al., 1995). Although 
a high moisture content is favourable for fluidized bed granulation, an excessively 
high moisture content could potentially lead to excessive wetting of the powder 
bed, leading to a catastrophic condition known as “wet quenching” and risk of 
complete defluidization of the powder bed (Nienow and Rowe, 1985). 
In contrast to granulation, the relatively lower moisture content in the powder bed 
needs to be maintained during particle coating. A high moisture content in the 
powder bed undergoing fluidization is unfavourable as the particles undergoing 
coating would be prone to agglomeration by coalescence of the over wetted 
particles. At extremely high moisture content, defluidization of the powder bed 
could arise (Silva et al., 2004). 
Moisture content of powder bed could be affected by various parameters in the 
process. A summary of some important parameters that could potentially affect 
the fluidized bed process, including moisture content of the powder bed, will be 
discussed.    
Inlet airflow rate 
Inlet airflow rate controls the amount of air that passes through the fluidized bed 
processor. In order to maintain fluidization in the powder bed, inlet airflow rate 
has to reach the minimum fluidization velocity of the powder bed, at which the 
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powder bed will be lifted and behave like a fluid. The powder bed will remain 
static if the inlet airflow rate is below the minimum fluidization velocity. On the 
other hand, an excessively high inlet airflow rate could result in entrainment of 
the powder in the chamber and choke the filter. Nienow and Rowe (1985) 
commented that inlet airflow rate determined whether the fluidization process 
would be stable or quenched in a fluidized bed granulation process.  High inlet 
airflow rate improved heat transfer coefficient and led to higher rate of 
evaporation of binder liquid, producing smaller and more friable granules 
(Bouffard et al., 2005; Hemati et al., 2003). However, the powder bed would 
expand with an increase in inlet airflow rate, thereby increasing  inter-particle 
distance. Under this condition, the particles possessed high kinetic energies and 
exhibited greater attritive tendencies (Scott et al., 1964). 
The role of inlet airflow rate in fluidized bed coating is as important as in 
granulation. Christensen and Bertelsen (1997) commented that the inlet airflow 
rate must be carefully adjusted to ensure good product circulation inside the 
Wurster coater. The inlet airflow rate could not be fixed as it depended on particle 
properties such as size, shape and density. As inlet airflow rate affected the drying 
capability of the system directly, low inlet airflow was not favourable as it 
impaired the drying capacity of the system and increased the risk of 





Atomizing air pressure 
Atomizing air serves to breakdown the incoming spray liquid into fine droplets 
before the spray liquid contacts with the particles. Increasing the atomizing air 
pressure at a constant spray liquid rate led to finer spray droplets and production 
of smaller fluidized bed granules (Davies and Gloor Jr, 1972; Ehlers et al., 2010; 
Gao et al., 2002; Schœfer and Worts, 1977b). In addition, the presence of 
atomizing air was necessary for  the even distribution of the spray liquid in the 
chamber (Wan et al., 1995a). The degree of spray liquid atomization was found to 
affect granule strength and morphology (Wang et al., 2003). High atomizing air 
during the drying phase was reported to contribute to granule breakage (Bouffard 
et al., 2005). 
High atomizing air pressure was reported to reduce the extent of particle 
agglomeration (Wan et al., 1995a). In contrast, low atomizing air generated 
coarser spray droplets that dried slowly and therefore induced more 
agglomeration of the particles undergoing coating (Heng et al., 1999). Thus, 
optimization of atomizing pressure was necessary for an efficient coating process 
(Friedman and Donbrow, 1978). 
Liquid spray rate 
Increasing liquid spray rate increased the moisture content of the powder bed. A 
wetter powder bed resulted in larger, denser and less friable granules (Davies and 
Gloor Jr, 1971; Rankell et al., 1964; Schœfer and Worts, 1978a). Davies and 
Gloor (1971) suggested that such findings were due to improved wetting and 
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penetration of the binder liquid into the particles when the moisture content of the 
bed was increased. 
Agglomeration and less uniform coat distribution were reported when a high 
coating liquid spray rate was used (Singh et al., 1996). However, drug release 
profile was variable with low coating liquid spray rate, possibly due to variability 
in the drying of the spray coating droplets and incomplete fusion of the coat 
formed on the surface of the particles (Lorck et al., 1997). Nonetheless, if the 
spray rate was too low, fast drying of the coat droplets before proper coalescence 
of the coating material could result in poorly formed coat (Heng et al., 1999). 
Therefore, spray rate needs to be carefully optimized, taking into account of the 
drying capacity of the system in addition to the coating substrate properties. 
Distance of spray nozzle to powder bed 
The position of the spray nozzle from the powder bed is known to affect some 
properties of the granules formed. In a top-spray fluidized bed processor, the 
closer the nozzle was positioned to the fluidizing powder bed, the better was the 
ability of the granulating liquid to wet and penetrate the fluidized solids, resulting 
in larger mean granule size (Davies and Gloor Jr, 1971; Rankell et al., 1964). 
However,  Schœfer and Worts (1977a) found that increasing spray nozzle height 
resulted in narrower granule size distribution but had no effect on mean granule 
size.  
To date, there are no literature reports on the effect of positioning the spray nozzle 
on particle coating. However, increased agglomeration of pellets during coating 
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would be expected if the spray nozzle is positioned too close to the powder bed. 
On the other hand, significant spray drying of the coating droplets could affect the 
quality of coat formed if the nozzle is positioned too far from the substrate 
particles. 
Spray nozzle tip protrusion 
Spray nozzle tip protrusion is set by adjusting of the spray nozzle aircap. The 
setup controls the angle of the liquid spray onto the powder bed. A wide spray 
angle could lead to the spray liquid being deposited on the chamber wall while too 
narrow a spray angle could cause localized overwetting. It was found that the 
spray angle affected the mean size of granules produced (Rambali et al., 2001b). 
The spray angle of coating liquid is also expected to affect particle coating as the 
density of impinging droplets on the substrate particles has to be optimal. 
Spray liquid droplet size 
Both atomizing air pressure and liquid spray rate could affect the spray droplet 
size but the former was found to have more significant effect on droplet size 
(Rambali et al., 2001b; Wan et al., 1995a). Droplet size was found to significantly 
influence the wetting of the particles (Gluba, 2003) and therefore, in granulation, 
affected nuclei formation and coalescence. Both mean size and size distribution of 
granules obtained increased with increasing spray droplet size (Schœfer and 
Worts, 1978b). 
Small spray droplets were desirable for coating as they would improve the coating 
efficiency (Dewettinck and Huyghebaert, 1998). However, it was also observed 
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that the risk of premature drying of the coating liquid increased when the droplets 
were very small. 
Inlet air temperature 
Inlet air temperature affects the drying capacity of the processor. The adoptable 
liquid delivery rates were found to be directly proportional to the inlet air 
temperature (Rankell et al., 1964). A higher drying capacity at an elevated inlet 
air temperature enabled the spray liquid to evaporate faster. Therefore, increasing 
inlet air temperature produced granules of smaller mean size (Lipps and Sakr, 
1994; Schinzinger and Schmidt, 2005).  
Improved drying leads to reduced tendency for agglomeration, especially during 
the coating of multiparticulates. However, premature drying of the droplets of 
coating formulation could impair the quality of the coat formed, as previously 
described.  
D. Fluidized bed processor with swirling airflow- FlexStreamTM 
fluidized bed processor 
Many innovative designs have been introduced to improve various aspects of the 
fluidized bed processor since the invention of the Wurster coater for 
multiparticulates. The use of axial airflow in the fluidized bed processor has been 
the gold standard. In recent years, the advantages of swirling airflow for 
pharmaceutical processing using the fluidized bed processor have attracted much 
attention of researchers. 
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The swirling airflow has applications in other industries and it can be employed to 
improve pharmaceutical processes. Swirling flow pattern of air had been 
extensively studied in other fields, such as the design of combustion chambers or 
heat exchangers but less utilized in pharmaceutical pneumatic processes. 
Researchers had reported better heat transfer performance with the swirling flow 
over axial flow (Yilmaz et al., 1999) and the intensification of heat transfer in 
swirling flow reduced with a decrease in the swirling intensity of the air (Algifri 
et al., 1988). In addition, frictional forces in the swirling air flow system were 
found to be higher than those of axial air flow (Yilmaz et al., 2003). Moisture 
extraction rate was higher in fluidized bed drying with a swirling air flow (Özbey 
and Söylemez, 2005). These findings, albeit limited, indicate the potential of 
swirling airflow in improving the performance or productivity of pharmaceutical 
processes. In view of this, modification of the bottom-spray fluidized bed to 
incorporate swirling airflow in the partition column was attempted and found to 
improve the coating process (Luštrik et al., 2012; Tang et al., 2008). However, the 
benefit of swirling airflow was not fully utilised as the swirling airflow was 
limited within the partition column of the processor only (Figure 3). In contrast, 
the FlexStreamTM fluidized bed processor adopted the swirling airflow wholely 
instead of employing axial airflow which is typical of a conventional fluidized 




Figure 3. Schematic diagram of the PrecisionTM coater. Dark arrows indicate 
directions of air flow. 
FlexStreamTM fluidized bed process is an innovation of the proven fluidized bed 
process to achieve superior fluidized bed granulation, drying and pellet coating. 
Figure 4 shows the photograph of the FlexStreamTM fluidized bed processor. This 
processor uses a dual-fluid spray nozzle (Figure 5) inserted at the side of the 
product chamber. The liquid feed delivered is surrounded by a low pressure air 
envelope extracted from the plenum inlet air. The enveloping air creates a 
particle-free zone around the spray nozzle and hence prevents local over-wetting 
by extending the reach of the liquid spray to deeper regions of the substrate bed. 
Since this low pressure air stream is taken from the plenum inlet air, it is 
conditioned in the same way as the main fluidization air. The distance of the spray 
nozzle to the powder bed (taken as level with container) can be adjusted (Figure 






Figure 4. FlexStreamTM fluidized bed processor. White arrows indicate airflow. 
plenum, a swirling flow pattern is generated in the chamber (Figure 4). Unlike the 
PrecisionTM coater, the FlexStreamTM fluidized bed processor does not have a 
partition column. Therefore, the air swirls within the whole product chamber and 






the advantages of the swirling airflow are extended to the whole processor and not 









Inlet for atomizing air 






Figure 6. Adjustable distance (D) of side entry spray nozzle to powder bed. Spray 














Figure 7. (a) Top-view and (b) bottom-view of the gill plate in the FlexStreamTM 
fluidized bed processor. 
 
E. Design of experiments  
Design of experiments (DOE) is a statistical tool that can be used to understand 
and optimize a complex process governed by multi-variables. Studying the effects 
of the variables one by one on a process would be tedious and time-consuming. In 
essence, this will cause considerable waste of effort, resources and time. 





the failure to examine the interactive effects of the factors (Montgomery, 2001). 
By comparison, the DOE method is a systematic approach that allows multiple 
variables to be studied collectively, reducing the number of experiments required 
and most importantly, investigate all possible interaction effects of the variables.  
The fluidized bed process can be affected by various parameters as previously 
discussed. Thus, the application of DOE would be ideal for the understanding and 
optimization of its processing capability. Optimization of a process is necessary 
because it can (a) save time and minimize costs; (b) improve the reliability of the 
research effort to achieve the optimal or near optimal product or process solution; 
and (c) improve and assure the quality of the final product (Fonner Jr et al., 1970). 
Response surface methodology, one of the most commonly used DOE methods 
for optimization, was introduced in 1951 and has been widely used since (Box 
and Wilson, 1951). One of the earliest adoption of DOE for optimization of 
pharmaceutical processes took place in 1970 (Fonner Jr et al., 1970). 
Subsequently, various studies involving the optimization of different processes 
and formulations were conducted using the DOE approach (Dick et al., 1987; 
Lipps and Sakr, 1994; Rambali et al., 2001a; Rambali et al., 2001b; Schinzinger 
and Schmidt, 2005). 
The application of DOE in processes could be broadly classified into two levels, 
screening and optimization. The screening level is used to identify the key 
parameters that could significantly affect the product in a complex process. 
Experiment designs that are commonly used in screening include factorial, 
fractional factorial and Plackett-Burman designs. This allows the researchers to 
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undertake a preliminary step to screen out the non-critical parameters and reduces 
the number of experiments required for next experimental level, i.e. optimization. 
Experiment designs for optimization include central composite, Box-Behnken and 
mixture designs. If a good model could be established to describe the relationship 
of design variables (e.g. process parameters) and response variables (e.g. product 
properties), design variables for generating the desired response variables could 
be predicted. Nonetheless, such prediction still needs to be confirmed by actual 
experiments. 
Despite the general approach to DOE as mentioned above, the selection of the 
designs is not restricted to any specific sequence. Several factors could affect the 
selection of a design and they include the purpose of the experiment or limitation 














































II. Hypothesis and objectives 
Attainment of the highest possible quality for a pharmaceutical product should 
always be the top priority of a pharmaceutical product manufacturer as 
pharmaceutical products are not only affecting the well-being of the patients but 
sometimes even their overall health and survival. Hence, the quality of 
pharmaceutical products is very tightly controlled by regulatory authorities. In 
more recent times, it is much more challenging to maintain a high product quality 
due to increasing operational cost and very competitive markets. Therefore, 
highly efficient processes are of interest as they can help to off-set some of the 
operational costs by reducing process time and increasing productivity. 
Despite the documented advantages of swirling airflow and its useful application 
in the engineering sector, the use of swirling airflow in the pharmaceutical 
industry has not been well explored. Hence, the potential merits and impact of 
swirling airflow in pharmaceutical processing warrant further investigations, 
particularly to improve the process and quality of the products. This served as the 
main motivation for this study. The innovative FlexStreamTM fluidized bed 
processor, with swirling airflow replacing the conventional axial airflow, was 
investigated in this study.  
A. Hypothesis 
As previously mentioned, high liquid spray rate into fluidized bed processor 
increased the risks of “wet quenching” during granulation and massive 
agglomeration when applied during coating. Both of these events were often 
associated with higher moisture contents in the substrate bed. Hence, it is 
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imperative to control the bed moisture and the most effective method is to adjust 
the liquid spray rate. However, a low liquid spray rate would inevitably prolong 
the process time, which makes the process inefficient. As previously discussed, 
swirling air flow in the fluidized bed processor had been shown to increase drying 
efficiency. Improved drying efficiency may enable higher spray rate with lower 
risk of wet quenching during granulation. Thus, it was hypothesized that the 
swirling air flow in the FlexStreamTM fluidized bed processor could improve the 
efficiency of fluidized bed granulation and coating, by producing granules with 
superior characteristics and requiring shorter process time. 
Similarly, coating of small particles has always been challenging due to the ease 
of particle-particle agglomeration during the coating process. However, successful 
particle coating has been reported by many researchers using coarser particle sizes, 
especially beads or pellets of mean size in the region of 710 μm or larger. In 
addition, a substantial quantity of coating liquid has to be delivered for the coating 
of small particles due to the higher surface area to volume ratio of smaller 
particles. Coating formulation with a high solid content would be best for the 
purpose of reducing coating process time. However, the inevitably higher 
viscosity of the coating liquid with higher solids would increase the likelihood of 
particle-particle agglomeration (Friedman and Donbrow, 1978; Jones, 1994; 
Luštrik et al., 2012; Tang et al., 2008). Improved drying efficiency can help to 
promote faster coat drying and minimize the risk of agglomeration. A lower 
viscosity film forming polymer may also be advantageous. Therefore, it was 
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hypothesized that small particle coating with minimum amount of agglomeration 
was achievable with the FlexStreamTM fluidized bed processor at a high spray rate.  
B. Objectives 
For the purpose of testing the hypotheses mentioned, this project was sub-devided 
into five major parts (Parts A-E) with the following objectives: 
Part (A). To examine particle movement in the FlexStreamTM fluidized bed 
processor. 
Part (B). To understand and optimize FlexStreamTM granulation by DOE. 
Part (C). To compare FlexStreamTM granulation with conventional top-spray 
fluidized bed granulation. 
Part (D). To study the effects of spray rate and coating formulation on the extent 
of agglomeration of non-pareil beads during drug layering by fluidized 
bed coating. 
Part (E). To optimize a coating formulation for drug layering on non-pareil beads 
to achieve one-to-one weight gain using the FlexStreamTM processor. 
This project explored the possibility of adopting swirling airflow in a fluidized 
bed processor for granulation and coating. A visual examination of the effect of 
swirling airflow on particle movement was conducted in Part A. This was 
followed by the use of DOE designs for process understanding and optimization 
in Part B. The granules prepared were compared with those produced by top-
spray fluidized bed granulation, with the aim of examining the differences in 
process and product qualities in Part C. The FlexStreamTM fluidized bed was used 
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for small bead drug layering to evaluate its performance as a small particle coater. 
In the first stage, the effects of spray rate and drug layering formulation were 
studied (Part D). Drug layering formulations were then optimized and the best 
formulation used for drug layering at an optimized spray rate on non-pareil beads 
(Part E). Collectively, the findings from this project would establish the 
performance and applicability of swirling airflow in the fluidized bed system for 















































III. Materials and methods 
A. Materials 
For granulation, α-lactose monohydrate (GranuLac 200, Meggle Excipients and 
Technology, Germany) was used as the feed powder. Two grades of 
polyvinylpyrrolidone, Povidone K25 and Povidone K90 (PVP-K25 and PVP-K90; 
ISP Technologies, USA), were used to prepare the binder solution. 
Chlorpheniramine maleate (CPM; BP grade, China) was used as a model drug. 
For fine pellet coating, non-pareil beads (Pharm-a-spheres, Hanns G. Werner 
GmbH + Co. KG, Germany) of size fraction 355-425 µm were employed as cores. 
Two grades of HPMC, HPMC E3 and HPMC VLV (Methocel E3 Premium LV 
EP and Methocel Premium VLV, Dow Chemical, USA) were used as coat 
forming polymers with the polyvinylpyrrolidone, Plasdone C-15 (PVP-C15; ISP 
Technologies, USA), as co-film forming agent. Metformin hydrochloride 
(Granules India Ltd., India) was used as a water-soluble model drug dissolved in 
the coating solution prior to application in drug layering. Deionised water served 
as the solvent in this study. 
B. Methods 
B.1. Granulation process 
In Part B, granulation was conducted using a FlexStreamTM module mounted on 
an air handling system (MP-1 Multi-processor, GEA Aeromatic-Fielder, UK). For 
each run, 1.9 kg of lactose was granulated in a conical acrylic product chamber 
with binder solution containing PVP-K25 (15 %, w/w), PVP-K90 (5 %, w/w) and 
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CFM (6.66 %, w/w). The operating parameters (variables) employed are shown in 
Tables 1 and 2.  
Table 1. Operating parameters employed in FlexStreamTM granulation for Part B. 
Variables  Group 1 Group 2 
 Operating parameters 
Inlet airflow rate (m3/h)*  80~140  As in DOE 
Atomizing air pressure (bar)  2.5  As in DOE 
Inlet air temperature(⁰C)  60  60 
Drying time (min)  10  10 
Drying air flow rate (m3/hr)*  80~140  100 
Nozzle tip diameter (mm)  0.8  0.8 
Nozzle tip protruded level (mm)  1.2  1.2 
Amount of binder solution delivered (g)  As in DOE  415 
Binder solution spray rate (g/min)  As in DOE  60 
Distance between spray nozzle and 
powder bed (mm) 
 As in DOE  As in DOE 
* Variable, dependent on the amount of binder solution and binder solution spray 
rate employed, sufficient for fluidization. Group 1 refers to operating parameters 
adopted in Section B.1. and Group 2 refers operating parameters adopted in 
Section B.2.  
In Part C, the granulation processes were conducted using either FlexStreamTM 
module or top-spray module mounted on the same air handling system, MP-1, as 
in Part B. Process parameters were recorded by a data acquisition system 
(Orchestrator Ver. 2.5.0.0, Measuresoft Development, Ireland) linked to the MP-1 
control system. For both methods of granulation, various solution spray rates were 
adopted (Table 3). Close examination of the recorded process parameters showed 
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 Table 2. Settings of statistical designs used in Part B. 
(a) Group 1: Central Composite Design 
Design variables  Settings 
 Low level  High level 
X1  350  450 
X2  55  65 
X3  12  16 
α  2   
(b) Group 2: Box Behnken design 
X4*  80  120 
X5  1.5  3.5 
X6  10  18 
X1: Amount of binder solution delivered (g); X2: Binder solution spray rate 
(g/min); X3: Distance between spray nozzle and powder bed (mm); X4: Inlet 
airflow rate (m3/h); X5: Atomizing air pressure (bar) and X6: Distance between 
spray nozzle and powder bed (mm). * Inlet airflow rate increased by 10 m3/h after 
200 g binder solution was delivered and another 10 m3/h after 350 g binder 
solution was delivered. 
that the drying efficiencies of both processes were considerably different. 
Therefore, the top-spray granulation process had to be adjusted to a spray rate of 
44 g/min, for valid comparison. The latter spray rate was determined by 
theoretical calculations to produce the equivalent moisture content as in 
FlexStreamTM high spray rate granulation run (Table 4). Granulation runs at a 
high solution spray rate of 60 g/min (FlexStreamTM) and the adjusted spray rate 
(top-spray) were conducted with a higher atomizing air pressure of 2.5 bars while 
granulation runs at low solution spray rate (21 g/min) used a lower atomizing air 
pressure of 0.8 bar. The operating conditions employed are shown in Table 3. The
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Table 3. Operating conditions in FlexStreamTM and top-spray fluidized bed 
granulation in Part C. 
Variables  Operating conditions 
 FlexStreamTM  Top-spray 
Fluidizing air flow rate 
(m3/h)* 
 100~140  60~110 
Atomizing air pressure (bar)  2.5 or 0.8  2.5 or 0.8 
Inlet air temperature (⁰C)  60   60  
Drying time (min)  10  10 
Drying air flow rate (m3/h)  ~100  60~90 
Nozzle tip diameter (mm)  0.8  0.8 
Nozzle tip protruded level 
(mm) 
 1.2  1.2 
Nozzle distance from powder 
bed (mm) 
 10  Not applicable 
Nozzle height from base plate 
(mm) 
 Not applicable  345 
Binder solution spray rate 
(g/min) 
 21, 60, 80 or 100  21, 44**, 60, 80 or 
100 
Amount of binder solution 
delivered (g) 
 415  415 
* amount sufficient for powder / granule fluidization; ** spray rate adopted for 
adjusted spray rate. 
granules prepared using spray rates higher than 80 g/min were oven dried at 60 ⁰C 
for an additional 3 h as the granules were found to be incompletely dried after the 
allocated 10 min fluidized bed drying. Prolonged drying in the fluidized bed 
processor was avoided to prevent the granules from being subjected to abnormally 
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Table 4. Summary of calculated conditions for various granulation processes in Part C.  








60  60  60  60  60  60  60  60  60 
Absolute humidity 
(kg/kg dry air) 
0.022  0.012  0.012  0.012  0.012  0.008  0.012  0.009  0.012 
ρair 
(kg/m3) 
1.153  1.172  1.172  1.172  1.165  1.180  1.172  1.176  1.172 
Drying capacity 
(g/min) 
43.551  23.304  22.655  23.789  14.446  11.758  16.507  13.406  15.860 
WIR 
(g/min) 
15.400  44.000  58.667  73.333  15.400  32.265  44.000  58.667  73.333 
WIRnet 
(g/min) 
-28.151  20.696  36.012  49.544  0.954  20.507  27.493  45.260  57.473 
Wet bulb temperature is the product temperature while dry bulb temperature is the inlet air temperature during wet granulation. 
Absolute humidity is determined from psychometric diagram with reference to wet and dry bulb temperature. 
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ρair is calculated by the equation ρair = PM/RT, derived from the ideal gas equation (PV = nRT), where P is pressure (atm), M is 
molecular weight of air (28.97 x 10-3 kg / mol) , R is gas constant (8.2056 x 10 -5 m3 atm K-1 mol -1) and T is temperature (K). Wet 
bulb temperature is adopted for calculation, as the air density of the wet bulb temperature is of interest for the following calculation. 
Air	mass	flow	rate	ሺkg/hrሻ	ൌ		air	volume	flow	rate	ሺ	m3/hrሻൈ	ρair	ሺkg/m3ሻ 
Drying capacity (g/min) = air mass flow rate (kg/hr) × absolute humidity (kg/kg dry air) × 100060 ;  
Water input rate (WIR, g/min) =	spray rate (g/min) × 73.33 %, where 73.33 % is the water content in the spray binder solution 
Net water input rate (WIRnet, g/min) =WIR (g/min) -	drying capacity (g/min)   
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prolonged time in an attritive environment, for comparisons made in this study. 
Each of the granulation processes was repeated thrice. Granules prepared by 
FlexStreamTM granulation were labelled as FG21, FG60, FG80 and FG100, where 
the numbers represent the spray rate adopted. Similarly, top-spray granules were 
labelled as TG21, TG44, TG60, TG80 and TG100. 
At the end of each granulation run, the content of the chamber was carefully 
collected and weighed. The yield was then calculated by: 
Yield= Wf
Wi+Ws
 × 100%             (1) 
where Wf  is the weight of collected product, Wi is the load used for granulation 
and Ws is the dry weight of solids added via the spray solution. Exception was 
made for the granules requiring additional oven drying, and for them, Wf was the 
collected product after oven drying. 
B.2. Design of experiment (DOE) 
DOE in Part B was conducted in 2 groups. 
B.2.1. Group 1 
A central composite design was employed to study the influence of the following 
parameters: (a) amount of binder solution delivered, X1; (b) binder solution spray 
rate, X2; and (c) distance between spray nozzle and powder bed, X3, contributing 
to the design variables. The settings of the design are shown in Table 2a. The α 
value in the central composite design dictates the position of the axial point. By 
choosing a default α value recommended by the statistical software, the central 
composite design ensures that the design is rotatable. Rotatable designs allow 
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constant prediction variation at all points that are equidistant from the design 
centre, therefore improving the quality of prediction. Hence, this is a desirable 
condition for the design. However, it was difficult to adopt a default value due to 
the need for setting some process parameters. Hence, the default α value of 1.633 
was rounded up to 2, for ease of setting parameter values for the experiments. 
Based on the settings, a total of 20 experiments were generated (Table 5). Among 
these 20 experiments, 6 of them were centre points, which had the same level of 
design variables. These centre points could be used to check for non-linearity and 
reproducibility of the system (Esbensen et al., 2001). Hence, no further replication 
of the design was needed. The experiments were conducted in a randomized order 
to reduce the effects of any possible factors that were not included in the study, 
particularly effects that were time-dependent. Seven characteristics of the 
granules produced were determined as the response variables of interest, and they 
included process yield, mass median diameter (MMD), span, lumps (%), fines 
(%), Hausner ratio and roundness. The possible effects of the design variables on 
the response variables were examined by fitting the responses to a quadratic 
model using response surface methodology. Process optimization was then carried 
out with the following criteria: (a) the percentage of lumps should be minimal and 
not exceed 2 %, w/w; (b) the Hausner ratio should be within 1 - 1.2; (c) the span 
value should be within 1 - 1.5, (d) the MMD of the granules should fall within the 





Table 5. Design variables in Group 1 of Part B. 
Order  Design variables 
StdOrder* RunOrder*  X1 X2 X3 
5 1  350 55 16 
20 2∆  400 60 14 
11 3  400 50 14 
9 4  300 60 14 
1 5  350 55 12 
8 6  450 65 16 
15 7∆  400 60 14 
14 8  400 60 18 
17 9∆  400 60 14 
3 10  350 65 12 
16 11∆  400 60 14 
10 12  500 60 14 
4 13  450 65 12 
19 14∆  400 60 14 
2 15  450 55 12 
18 16∆  400 60 14 
7 17  350 65 16 
13 18  400 60 10 
6 19  450 55 16 
12 20  400 70 14 
* StdOrder refers to the original order of the design while RunOrder refers to the 
exact running order of the experiments after randomization; ∆  denotes centre 
points of the central composite design. 
B.2.2. Group 2 
Optimized parameters from Group 1 were employed for further study using a 
Box-Behnken design to understand the effects of inlet airflow rate (X4), atomizing 
air pressure (X5) and distance of spray nozzle to powder bed (X6). These variables
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 were of interest because they may interact at the process air side inlet of the 
product chamber and affect the quality of granules produced. Based on the 
settings selected (Table 2b), a total of 18 experiments, including 6 centre 
points,were generated (Table 6). The experiments were conducted in a 
randomized order. Four characteristics of the granules produced were determined 
as the response variables of interest and they included mass median diameter 
(MMD), span, lumps (%) and fines (%). 
B.3. Preparation of coating solution 
Coating solutions used in Part D and Part E were prepared by dispersing the 
HPMC into hot water (about half of required volume) with continuous stirring 
using an overhead stirrer (CAT R50D; Rose Scientific Ltd, Canada). The 
dispersed HPMC was dissolved by adding cold water (to about 95 % required 
volume) into the dispersion with continuous stirring on an ice bath. Once the 
HPMC was dissolved, the solution was kept in a refrigerator overnight to ensure 
complete hydration of the HPMC. After warming to room temperature, PVP and 
metformin hydrochloride were added, stirred until dissolved. Since the dissolution 
of metformin hydrochloride is an endothermic reaction, dissolution was aided by 
heating to about 50 ⁰C with continuous stirring using a magnetic stirrer. The 
amount of solution was adjusted to the final weight just before use. Coating 
formulations, F1 and F2, were used in Part D for drug layering purpose while F1 




Table 6. Design variables in Group 2 of Part B. 
Order  Design variables 
StdOrder* RunOrder*  X4 X5 X6 
16 1□  100 2.5 14 
7 2  80 2.5 18 
15 3□  100 2.5 14 
9 4  100 1.5 10 
8 5  120 2.5 18 
4 6  120 3.5 14 
2 7  120 1.5 14 
6 8  120 2.5 10 
5 9  80 2.5 10 
18 10□  100 2.5 14 
11 11  100 1.5 18 
12 12  100 3.5 18 
17 13□  100 2.5 14 
13 14□  100 2.5 14 
14 15□  100 2.5 14 
10 16  100 3.5 10 
1 17  80 1.5 14 
3 18  80 3.5 14 
* StdOrder refers to the original order of the design while RunOrder refers to the 
exact running order of the experiments after randomization. 





Table 7. Coating formulations. 
Coating 
formula 
F1 F2 F3 F4 F5 F6 F7 
Percentage (w/w) 
HPMC E3 5.00 0 0 0 0 0 0 
HPMC VLV 0 5.00 5.40 5.80 6.20 6.60 7.00 
PVP- C15 1.00 1.00 1.08 1.16 1.24 1.32 1.40 
Metformin 
hydrochloride 
16.0 16.0 17.3 18.6 19.8 21.1 22.4 
Deionised 
water to 
100 100 100 100 100 100 100 
Total solid 
content  
22.0 22.0 23.8 25.6 27.2 29.0 30.8 
 
B.4. Drug layering of non-pareil beads  
Drug layering of non-pareil beads was conducted by spray coating using the 
FlexStreamTM module mounted onto an air handling system (MP-1 Multi-
processor; GEA Aeromatic-Fielder, UK) with a two-fluid spray nozzle and a 
product load of 2 kg non-pareil beads. The coating parameters are listed in Table 
8.  
In Part D, non-pareil beads were coated with 2 kg of coating solution prepared as 
F1 or F2 in Table 7, for an equivalent to 22 % increased in dry weight of the cores 
used. Weight increase was calculated based on the theoretical increase in dry 
weight of beads after coating as a percentage of the initial weight of the cores or 
non-pareil beads before drug layering.  
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Coating formulation F1, containing HPMC E3, was employed at various spray 
rates (Table 8). The coated beads were coded as E310, E320, E325 and E330 for 
spray rates of 10, 20, 25, and 30 g/min respectively. Formulation F2, which 
contained HPMC VLV, was used to coat the non-pareil beads at spray rates of 25 
and 30 g/min only, and the coated products were designated as VLV25 and 
VLV30 respectively. Triplicate drug layering processes were conducted at each of 
the coating conditions.  
Table 8. Operating conditions for FlexStreamTM fluidized bed in drug layering of 
non-pareil beads.  
Variables  Operating conditions 
Fluidizing airflow  rate (m3/h)+  140 
Atomizing air pressure (bar)  2.5 
Inlet air temperature (°C)  65 
Nozzle tip diameter (mm)  0.8 
Nozzle tip protruded level (mm)  1.2 
Nozzle distance from powder bed (mm)  14 
Coating solution spray rate (g/min)*  10, 20, 25, 30 
Drying time (min)  15 
Drying airflow rate (m3/h)  140 
+ Airflow was fixed at 140 m3/h when coating with F1. For other drug layering 
formulations, airflow was increased by 10 m3/h with every 2 kg of coating 
solution delivered in Part E. 
* Spray rate adopted during optimization of spray rate using F1. Spray rate was 
fixed at 20 g/min during subsequent drug layering runs. 
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In one-to-one weight gain drug layering (Part E), the coating formulation chosen 
was delivered at the optimized spray rate. A total of 7331.4 g of coating solution 
was used for each coating run, equivalent to 100 % increase of the dry weight of 
the cores used. Triplicate batches of non-pareil beads were drug layered and 
coded as C1, C2 and C3 while untreated non-pareil beads were coded as UC. 
Coating yield was defined as the final weight of drug layered beads (WF) as a 
percentage of the theoretical final weight of the drug layered beads (WT): 
Coating	yield= WF
WT
×100 %                (2) 
WT of the drug layered beads was calculated from the sum of theoretical dry 
weight of the coating material delivered and the initial weight of non-pareil beads 
used in the coating process. 
B.5. Recording of particle movement 
A batch of non-pareil beads (150 g or 2 kg) was introduced into the product 
chamber of the FlexStreamTM processor and fluidized according to the parameters 
set at Table 8. The particle movement was recorded by a DSLR camera (550D, 
Canon, Japan) in video mode.  The recorded video was then processed using an 
image processing software (Adobe Premier Pro CS6, Adobe, USA) to extract 
individual frames for visual analysis. 
64 
 
B.6. Size analysis 
B.6.1. Sieving 
About one kilogram of each granulation product batch was first separated into 
equivalent samples of about 120 g using a spinning riffler (PT, Retsch, Germany). 
Each sample was then sized using a nest of sieves (Endecotts, UK) with 
descending aperture sizes of 1400, 1000, 710, 500, 355, 250, 180, 125 and 90 μm 
on a sieve shaker (VS1000, Retsch, Germany) vibrated at 1 mm amplitude for 15 
min. The weight of granules retained on each sieve was determined and a 
cumulative undersize distribution plotted.  Size parameters, mass median diameter 
(MMD) and span were determined as follows: 
MMD=D50                 (3) 
Span= D90-D10
D50
                 (4) 
where D10, D50 and D90 are the particle sizes at the 10th, 50th and 90th percentiles of 
the cumulative undersize distribution of the particles, respectively. In addition, 
particles with size less than 90 μm were considered as fines while those with size 
greater than 1400 μm were considered as lumps. The fines (%) and lumps (%) 
were calculated as follows: 
Fines= Wfines
Wtotal
 ×100%                 (5) 
Lumps= Wlumps
Wtotal
 ×100%               (6) 
where Wfines, Wlumps and Wtotal are the weights of the fines, lumps and the total 
weight of the particles, respectively. 
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Granules were also classified into 3 fractions: (a) small (size < 250 µm); (b) 
medium (250 ≤ size < 710 µm); and (c) large (size ≥ 710 µm). The relative weight 
of the granules of each fraction was calculated as: 
Relative weight= Wfraction
Wtotal
×100%              (7) 
where Wfraction is weight of granules in the specific fraction. 
In Part D and Part E, drug layered beads were subdivided into equivalent samples 
by a spinning riffler (PT; Retsch, Germany). For beads coated for the purpose of 
optimizing spray rate, sieving was then carried out on a nest of sieves (Endecotts, 
UK) with aperture sizes of 500 and 355 μm on a sieve shaker (VS1000; Retsch, 
Germany) vibrated at 1 mm amplitude for 15 min. Agglomeration was defined as 
the percentage weight of coated beads retained on the 500 μm sieve; useful yield 
was defined as the percentage weight of 355-500 μm fraction while fines was the 
percentage weight that passed through the 355 μm sieve. 
For the one-to-one weight gain coated beads in Part E, a nest of sieves with 
aperture sizes of 1000, 710, 500 and 355 μm was used for fractionation. 
Agglomerates were defined as the percentage weight of coated beads retained on 
the 710 μm sieve and 1000 μm sieve; useful yield was the percentage weight of 
coated beads of 355-710 μm fraction while fines fraction was the percentage 
weight of material that passed through the 355 μm sieve. 
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B.6.2. Optical microscopy  
For Part E, non-pareil beads and drug layered beads were used for size analysis 
using a stereomicroscope (SZH; Olympus, Japan) connected to a video camera 
(DXC-390, Sony, Japan). Images were captured and analyzed (Image Pro Plus 
6.3, Media Cybernetics, USA) for a total of 1000 particles for the non-pareil 
beads and each batch of the drug layered beads. The size of the bead was 
calculated from its mean Feret diameter. A cumulative undersize distribution plot 
was constructed. D10, D25, D50, D75 and D90 refer to the sizes at 10th, 25th, 50th, 75th 
and 90th percentiles of the cumulative undersize distribution plot, respectively. 
Span was calculated using equation (4). 
B.7. Assessment of flow properties and compressibility 
Bulk (ρb) and tapped (ρt) densities of the granules were calculated as the quotients 
of the weight of the granules in the measuring cylinder and the volumes occupied 
by the granule sample before and after tapping. The tapping machine (STAV II, 
JEL Engelsmann, Germany) was used to carry out the determination of Hausner 




                (8) 
Hausner ratio closer to unity indicates better flowability. 
Granule flow properties and compressibility in Part C were assessed using a 
powder rheometer (FT4, Freeman Techonology, UK). Detailed description of the 
testing procedures can be obtained from the literature (Freeman, 2007).  As 
recommended by Freeman (2007), dynamic downwards testing mode was adopted 
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to characterize the flow properties of the non-cohesive granules prepared in Part C. 
A blade with diameter of 48 mm was used to provide a bulldozing type of action 
in an anticlockwise direction into 160 mL of sample in a 50 mm diameter glass 
vessel, with blade tip speed of 100 mm/s and helix angle of 5⁰. The energy 
required to displace a conditioned powder sample during downwards testing at 
consolidated condition caused by the bulldozing action was referred as the basic 
flowability energy (BFE). Higher BFE indicated better flow properties in non-
cohesive powders. The flowing zone ahead and around the blade in which 
shearing is occurring, is extensive due to the low compressibility and the high 
transmissibility of forces from particle to particle in non-cohesive powder. A high 
sample volume is required to move as the blade penetrates the powder and 
therefore more work is done than in the case of cohesive powder, resulting in the 
higher BFE (Freeman, 2007). Stability index (SI) was defined as the factor by 
which the measured flow energy changed during repeated testing. Stable particles 
had an acceptable range: 0.9 < SI < 1.1. Bulk density was defined as the quotient 
of sample mass to consolidated volume at respective normal stress. 
In the determination of compressibility, the blade was replaced by a piston. The 
latter was used to compress the powder sample with normal stresses of 0.5, 1, 2, 4, 
6, 8, 10, 12 and 15 kPa. Compressibility is defined as the percentage change in the 
volume for sample powder under given normal stress.  
B.8. Shape analysis 
Granules of size fraction 355-500 µm were gently passed through a 500 µm 
aperture size sieve. The granules retained on the sieve were then carefully 
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collected for shape analysis using a stereomicroscope (SZH, Olympus, Japan) 
connected to a video camera (DXC-390, Sony, Japan) and computer. Images 
collected were analyzed using a size analysis software (Image Pro Plus 6.3, Media 
Cybernetics, USA). A total of 100 granules were examined for each batch. 
Granule roundness was calculated as: 
Roundness= P
2
4πA                (9) 
where P is the perimeter and A is the area of the granule. Roundness is a measure 
of the circular fit, with a perfect circle having a value of unity. 
Similar analyses were conducted in Part E with 1000 beads from each batch of 
UC, C1, C2 and C3 to assess the roundness of the beads. Pre-sieving was 
unnecessary in Part E because the beads had similar size and narrow span. 
B.9. Determination of friability	
Samples of size fraction 355-500 µm were accurately weighed, about 7 g, and 
tumbled in a friablilator (TA 20, Erweka GmbH, Germany) with 20 steel balls, of 
6 mm diameter weighing 0.88 g each, for 250 revolutions. The weights of 
granules retained on the 180 μm aperture size sieve before (Wbefore) and after 
(Wafter) were recorded to compute the friability index. Each experiment was 
triplicated and results averaged.  
Friability index = Wbefore-Wafter
Wbefore




B.10. Determination of density	
Granules of size fraction 500-710 µm were gently passed through a sieve with 
710 µm aperture size. The granules retained on the mesh were then carefully 
removed and collected. The mass of 100 granules, of approximately 710 µm in 
diameter, was recorded for estimation of granule density. Assuming spherical 
shape, granule density was estimated from the quotient of mass and volume of the 
710 µm granules. 
B.11. Measurement of coating formulation viscosity	
The viscosity of coating formulations (F1 and F2) was determined by a 
viscometer (AR-G2; TA instruments, USA) with parallel plates. Both 
formulations were measured under continuous ramp mode. The operating 
conditions are shown in Table 9. Samples were equilibrated for 2 min on the 
sample plate before measurement. Viscosity of the sample was defined as: 
Viscosity= Shear stress
Shear rate
                         (11) 
Triplicate measurements were conducted for each condition. 
Table 9. Operating conditions for AR-G2 for continuous ramp mode in Part D. 
Variables  Operating conditions 






Parallel plate gap (µm)  
Shear stress (Pa)  
Temperature (°C)  
Duration (min)  




The effect of temperature on the viscosity of both formulations was determined 
using a suspended-level viscometer (size 2) at step-wise temperature increases 
from 25 ⁰C to 60 ⁰C. The viscometer was immersed vertically in a water bath 
(015T; LAUDA, Germany) and bath temperature was adjusted by the use of an 
immersion heater (E100; LAUDA, Germany). An independent electronic 
thermometer (Checktemp; HANNA instruments, USA) was also also used to 
counter check the bath temperature. The sample in the viscometer was allowed to 
equilibrate for at least 2 min before measurement at each set temperature. The 
time required for the sample to flow from the designated upper mark to the 
designated lower mark in the capillary tube was recorded. Triplicate 
measurements were conducted at each set temperature and the averaged value was 
used to indicate the viscosity of the sample. 
B.12. Drug content and content uniformity	
For Part B and Part C, about 100 mg of granules from each size fraction, 
accurately weighted, was dissolved in 100 mL of deionised water and assayed 
spectrometrically (UV-3101 PC, Shimadzu, Japan) at 262 nm. Each batch of 
granules was assayed by triplicated measurements, results averaged. 
For Part D, a sample of 2 g from each batch of drug layered beads was dissolved 
in 100 mL of deionised water in a volumetric flask. The dispersion was passed 
through a filter paper (Qualitative 1; Whatman, England) and 1 mL of the filtrate 
was diluted to 100 mL with deionised water in a volumetric flask. This solution 
was then assayed spectrophotometrically at 233 nm. Triplicate assays were 
conducted for each batch of drug layered beads and results averaged. 
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For Part E, samples of 1 g each were obtained from size fractions of 355 – 500 
μm and 500 – 710 μm of each batch of drug layered beads. Each sample was 
dissolved in 200 mL of deionised water in a volumetric flask. The dispersion was 
sonicated, then passed through a filter paper and 1 mL of the filtrate was diluted 
to 100 mL with deionised water in a volumetric flask. This solution was then 
assayed as described above. Triplicate assays were conducted for each size 
fraction. 
B.13. Determination of weight gain of drug layered beads 
A sample of exactly 100 particles of non-pareil beads or drug layered beads was 
weighed using a four decimal place balance (AG135, Mettler Toledo, USA). 
Weight gain of the drug layered beads with respect to the non-pareil beads was 




ൈ100	%                     (12) 
where WD and WN are the weights of drug layered beads and non-pareil beads 
respectively. 
B.14. Preparation of coating film 
Samples (15 g) of F1 and F2 were each poured into glass petri dishes of 10 cm 
diameter and dried in an oven at 45 ⁰C for 24 h to produce films. Coating 
solutions without metformin hydrochloride were also prepared and used to 
produce films. Photographs of each of the films were taken for further analysis.  
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B.15. Optical microscopy of coating film 
Dried coating films produced from F1 and F2 solutions were examined under 
stereomicroscope (SZ61, Olympus, Japan) connected to a camera (DP71, 
Olympus, Japan). 
B.16. Scanning electron microscopy of drug layered beads  
Samples were fixed onto aluminium studs with carbon tape and examined under 
the scanning electron microscope (JSM-6010LV, JEOL, Japan). Samples were 
examined using secondary electron image (SEI) detector, accelerating voltage of 
1 kV and spot size of 30. Diametrically cut bead samples from Part E were 
prepared by slicing the beads carefully into halves with a sharp crafting knife 
before fixing on the aluminium studs. 
B.17. Statistical analysis 
The statistical analysis and process optimization were carried out using Minitab 
16 (Minitab Inc., State College, USA). The quadratic equation used for response 
surface modelling of the three design variables in Group 1 of Part B is shown 
below. 
Y=β0+β1X1+β2X2+β3X3+β11X12+β22X22+β33X32+β12X1X2+β23X2X3+β13X1X3      (12) 
where Y is the response variable; β0 is a constant; β1, β2, and β3 are the 
coefficients for the linear terms of X1, X2 and X3, respectively; β11, β22 and β33 are 
the coefficients for the squared terms of X12, X22 and X32 while β12, β23 and β13 are 
the coefficients for the interaction terms of X1X2, X2X3 and X1X3, respectively. 
Regression analysis was conducted in coded units, where low level was coded as -
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1 while high level was coded as 1. The level of significance was set at p < 0.05. 
Similar treatment was conducted for X4, X5 and X6 in Group 2 of Part B. 
Process optimization was conducted by Response Optimizer of Minitab. Once a 
significant model for each response variable was generated, it formed the design 
space for the response variable. The desired property of the particular response 
variable (as described above) could be input for prediction of the contributing 
design variables. Using the Response Optimizer, the individual desirability value 
(D-value) was computed. The closer the D-value to 1, the closer was the predicted 
response to the desired response. Multiple response variables could be analyzed 
by the Response Optimizer, taking the target of each response variable into the 
consideration. Sets of design variables with different composite D-value would 
then be computed from the individual D-values. Similarly, composite D-value 
closer to 1 was desirable.  
Two-sample t test was used to compare 2 sample sets for equality while one-way 
ANOVA was employed to compare more than 2 sample sets when necessary. 
Tukey’s test was used as post hoc test if ANOVA was found to be statistically 
significant. Two-way ANOVA was used when 2 factors were studied at the same 































































IV Results and discussion 
FlexStreamTM fludized bed and top-spray fludized bed will be abbreviated as FS 
and TS respectively for the discussion in the following sections. 
Part A. Examination of the particle movement in FS processor 
A swirling air flow was created within the product chamber in FS processor by 
the patented gill plate bottom air distributor and the side entrant enveloping air 
with two-fluid spray nozzle. The effect of the swirling airflow on particle flow 
pattern within the chamber was examined. Figure 8 shows the behaviour of the 
particles, when the product chamber contained only small amounts (about 150 g) 
of non-pareil beads. Figure 8a shows the static bed. Upon introduction of the 
fluidizing air, the beads were first blown to the opposite side by the side entrant 
enveloping air (Figure 8b). The beads then moved to the side opposite the 
sampling port and towards the side entrant (Figure 8c-8e), following a swirling 
airflow pattern generated by the gill plate. The beads encountered the enveloping 
air again when they travelled across the side entrant. At the same time, the bed 
expanded as the air passed through the beads. Some of the beads followed the 
swirling airflow and reached the higher sections in the chamber. However, as the 
beads moved to the higher levels, the expanded container diameter caused the 
beads to decelerate rapidly and eventually fall back onto the bed. Some of the 
beads were found adhered to the chamber wall with time due to the development 
of electrostatic charges. Using a small quantity of beads, it was possible to  
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Figure 8. Particle movement (about 150 g non-pareil beads) in FS processor. (a) 
to (i) shows the sequence of event and arrows shows the direction of flow. 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
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visualise the swirling airflow pattern in the product chamber as the beads travelled 
along with the swirling airflow. 
Swirling motion of the beads was clearly seen in the processor. This observation 
validated the presumed action of the swirling air in enabling the substrate particles 
in the FS processor to move in a swirling pattern. 
Nonetheless, the weight of substrate in the bed could affect the overall particle 
movement in the product chamber. Particle movement in a heavier bed would be 
expected to be different from that of a lighter bed. Figure 9a shows the static bed 
with 2 kg of non-pareil beads. Some of the beads inevitably filled into the side 
entrant. Upon initiation of the fluidizing air, the beads in front of the side entrant 
were the first to experience the effect of the enveloping air. The beads in the side 
entrant were rapidly cleared away by the enveloping air and moved upwards as 
shown in Figure 9b. In addition, the enveloping air forced these beads away from 
vicinity of the side entrant and moved upwards instead of transversing to the 
opposite side due to blockage by the resident beads in the bed. Thus, these beads 
were forced into an upwards trajectory leaving behind an empty cavity in the 
wake region. Concurrently, the swirling fluidizing air penetrated into the bed and 
caused it to expand in volume. The beads within the bed, driven by the swirling 
air, moved in an orderly circumferential outward movement to meet the side 
enveloping air. These beads then filled the empty cavity created by the side 
enveloping air. It appeared that some turbulences were created when the swirling 
air met with the enveloping air and this event exerted a certain amount of shear 
onto the beads at the vicinity. The beads were further forced to move upwards and 
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Figure 9. Particle movement (2 kg non-pareil beads) in FS processor. (a) to (i) 
shows the sequence of event and arrows shows the direction of flow. 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
80 
 
returned to the bed in more chaotic random disarrayed motions when the weight 
of the beads overcame the upwards lifting force provided by the fluidizing air 
(Figure 9c-9i). Similar to abovementioned explanations, this downwards 
movement was also the result of the expanded container diameter. FS processor 
did not possess a partition column with higher air pressure within as in 
conventional Wurster bottom-spray fluidized bed processor. Therefore, the beads 
in FS processor would fall back to the bed in a random motion rather than the 
more orderly fountain-like flow as in the Wurster system. Hence, particle 
movement in the FS processor was less organised compared to the Wurster 
fluidized bed processor. In contrast, the orderly horizontal outward movement 
caused by the swirling motion of the beads in FS processor was not observed in a 
conventional TS processor. 
The swirling movement of the beads in the lower region of the FS processor was 
transformed into a more chaotic flow in the upper region, beyond the entrant 
enveloping air where the spray liquid would be introduced. This could potentially 
provide additional shear forces to separate particles undergoing coating. 
Part B. Understanding and optimization of FS process by DOE 
A review of designs commonly used for DOE studies was conducted. Commonly 
employed screening designs were not desirable as they would require a large 
number of experiments. For example, the full factorial design with 5 factors and 3 
levels, without replications, would require in a total of 243 experiments. On the 
other hand, the Plackett-Burman design with 5 factors, without replication and 
centre points, would require a minimum of 12 experiments. However, the main 
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effects could be confounded by the interaction effects in the Plackett-Burman 
design. Furthermore, this design was only suitable for screening and optimization 
using response surface approach (RSA) would be necessary. Therefore, direct use 
of RSA with a central composite design was selected. The central composite 
design with 5 factors would require 52 experiments according to the Minitab 
statistical software. Hence, the study was sub-divided into Group 1 and Group 2 
to reduce the overall number of experiments. Study of Group 1 was carried out 
using RSA with central composite design to investigate the effects of binder 
solution and spray nozzle distance. It also served to determine the optimal 
delivery rate and amount of binder solution required as well as other parameters 
for preparing granules with the desired qualities. Study of Group 2 was carried out 
using RSA with Box-Behnken design to investigate the impact of inlet airflow 
rate, atomizing air pressure and spray nozzle distance on the granulation process. 
Collectively, a good understanding and optimization of the FS would be achieved.  
However, interaction effects, if any, of amount of binder solution delivered, binder 
solution spray rate, inlet airflow rate and atomizing air pressure could not be 
studied by this approach as they were studied in 2 different designs. Nonetheless, 
as the objective of the second DOE was mainly to further understand the process, 
the studies were carried out with the imposed limits in mind. The second DOE did 
not involve in the optimization of the process but provided additional information 
about the process. The above designs allowed the estimation of the working 
ranges for important basic variables, such as amount and spray rate of binder 
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solution which were crucial for the investigations into other processing 
parameters. 
B.1. Group 1: first DOE by central composite design 
Results of the first DOE are shown in Table 10. Using ANOVA and response 
surface modelling, the results were analyzed to determine possible main effect 
and interaction effects of the variables (Table 11). All the response variables 
showed insignificant lack of fit (p > 0.05) to the quadratic equation However, 
only MMD, span, lumps and Hausner ratio showed statistically significant models 
while the rest of the response variables did not. Therefore, the equations that 
showed the effects of the design variables on each of these response variables 
were derived. The descriptive statistics of the centre points are shown in Table 12. 
Low coefficients of variation (< 10 %) were found for process yield, MMD, span, 
Hausner ratio and roundness. These findings were indicative that the FS 
granulation was reproducible and capable of making consistent end products. 
B.1.1. Influence of design variables of first DOE on process yield 
During the granulation process, fine feed powder was subjected to a swirling air 
flow from the bottom of the product chamber. Some fines might be blown to the 
sock filters due to the relatively high initial air flow rate. Nonetheless, throughout 
the granulation process, blow back air jets at the sock filters helped to dislodge 
the fines and return them back to the product chamber for granulation. As shown 
in Table 11, all the design variables had no significant effect on the process yield. 
No significant model could be developed to describe the 
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Table 10. Response variables in Group 1 of Part B. 













5 1 92.04 353.0 1.49 4.83 0.88 1.12 2.13 
20 2∆ 92.10 414.0 1.38 4.31 0.95 1.11 2.11 
11 3 97.05 372.5 1.40 4.22 0.58 1.08 2.19 
9 4 88.92 340.5 1.57 3.42 1.07 1.10 2.10 
1 5 95.33 347.5 1.54 1.17 2.70 1.08 2.08 
8 6 95.66 495.0 1.29 8.01 0.48 1.04 2.19 
15 7∆ 93.13 420.0 1.34 3.57 0.99 1.08 2.22 
14 8 91.37 422.0 1.35 9.24 0.89 1.11 2.24 
17 9∆ 93.56 424.5 1.42 3.37 1.60 1.06 2.27 
3 10 94.15 389.0 1.52 1.76 1.12 1.11 2.19 
16 11∆ 92.69 407.0 1.31 2.79 0.95 1.06 2.28 
10 12 93.55 562.0 1.15 5.08 1.16 1.03 2.23 
4 13 94.53 516.0 1.25 1.23 0.81 1.04 2.10 
19 14∆ 95.33 436.0 1.38 2.98 1.09 1.05 2.15 
2 15 93.16 488.0 1.22 2.61 1.75 1.05 2.33 
18 16∆ 93.97 402.5 1.33 3.03 0.43 1.07 2.14 
7 17 91.96 391.0 1.48 5.06 2.44 1.10 2.22 
13 18 93.39 416.0 1.35 0.15 0.53 1.08 2.20 
6 19 92.49 424.0 1.26 6.17 0.60 1.08 2.36 
12 20 92.45 455.0 1.43 3.06 1.35 1.08 2.25 
* StdOrder refers to the original order of the design while RunOrder refers to the exact running order of the 
experiments after randomization; ∆  denotes centre points of the central composite design.
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Table 11.  Results of ANOVA and response surface modelling for Group 1 of Part B. 
Coefficient  Process 
yield 
 MMD  Span  Lumps  Fines  Hausner 
ratio 
 Roundness 
β0  93.591a  417.352a  1.361a  3.319a  1.074b  1.072a  2.196a 
β1  0.727  55.344a  -0.115a  0.532b  -0.207  -0.021b  0.039c 
β2  -0.370  21.469a  0.006  -0.065  0.030  -0.002  -0.005 
β3  -0.566  -4.094  -0.001  2.218a  -0.078  0.006  0.018 
β11  -0.492  8.489b  0.001  0.216  0.064  -0.002  -0.007 
β22  0.387  -0.886  0.015c  0.062  0.027  0.001  0.006 
β33  -0.206  0.426  -0.001  0.327c  -0.037  0.006  0.006 
β12  0.726  2.438  0.012  -0.045  -0.131  -0.006  -0.075b 
β13  0.742  -11.562c  0.023  0.420  -0.122  0.001  0.004 
β23  0.361  4.937  0.003  0.356  0.496c  -0.010  0.005 
R2 (%)  64.58  97.52  95.50  95.43  45.75  78.08  70.34 
R2predicted (%)  0.00  88.27  86.27  75.68  0.00  54.32  8.53 
R2adjusted (%)  32.70  95.28  91.44  91.32  0.00  58.36  43.64 
Regression  0.143  0.000*  0.000*  0.000*  0.534  0.021*  0.074 
Linear  0.122  0.000*  0.000*  0.000*  0.574  0.003*  0.084 
Square  0.164  0.032*  0.205  0.113  0.920  0.321  0.752 
Interaction  0.271  0.090  0.233  0.192  0.185  0.312  0.030 
Lack of fit 
significance 
 0.182  0.479  0.888  0.271  0.062  0.984  0.879 
Statistical significance at 0.001 levela, at 0.01 levelb and at 0.05 level c, * denotes statistically significant model. 
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 Mean  Standard 
deviation 
 Coefficient of variation 
 (%) 
Process yield (%)  93.5  1.12  1.20 
MMD (μm)  417.3  12.21  2.93 
Span  1.4  0.04  2.94 
Lumps (%)  3.3  0.55  16.50 
Fines (%)  1.0  0.37  37.00 
Hausner ratio  1.1  0.02  1.87 
Roundness  2.2  0.07  3.18 
 
relationship between process yield and the granulation process (p = 0.143). 
However, high process yields that ranged from 88.9 to 97.1 % were possible 
within the range of parameters studied (Table 10). This indicated that FS 
granulation had high process yields with relative insensitivity to the amount of 
binder solution delivered, spray rate of binder solution and distance between spray 
nozzle and powder bed. 
B.1.2. Influence of design variables of first DOE on granule size and size distribution 
The MMD of the granules ranged from 340.5 to 562.0 μm (Table 10). Table 11 
shows that a significant model (p = 0.000) was successfully developed to describe 
the relationship between the design variables and MMD, and there was 
insignificant lack of fit of the model (p = 0.479). The linear (p = 0.000) and 
square (p = 0.032) effects were found to be significant. Theoretically, R2 
describes the variation in responses that are explained by the model whereas 
R2predicted reflects how well the model could predict future data. R2predicted was 
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calculated from the prediction sum of square (PRESS) value of the model derived 
from cross validation using the Minitab statistical software. For each potential 
model, Minitab would omit one observation and recalculate the model. Following 
this, the recalculated model would be used to predict the omitted observation to 
generate cross-validated fitted value. Cross-validated residual value was then 
calculated by comparing the cross-validated fitted value and the omitted 
observation. This process was repeated until all observations had been omitted 
and fitted. The PRESS and R2predicted values were then calculated. As the R2 value 
always increased as terms were added to the model, R2adjusted was a more useful 
indicator of the variation in responses (Myers and Montgomery, 2002).  
Based on the R2adjusted (95.28 %) and R2predicted (88.27 %) values obtained, it could 
be inferred that the model developed had explained the variations well and was 
good in its prediction of granule size. ANOVA showed that MMD was 
significantly affected by the amount of binder solution delivered (p = 0.000) and 
binder solution spray rate (p = 0.000) respectively (Table 11). The squared term 
of amount of binder solution delivered (p = 0.006) was also found to be 
significant in affecting MMD of the granules, indicating that the amount of binder 
solution had a greater effect than the other variables on the MMD and it was not a 
linear effect. These observations were in agreement with the findings of other 
reported studies (Niskanen et al., 1991; Ritala and Virtanen, 1991), where such 
observations were associated with the formation of mobile liquid bonds 
responsible for increased cohesiveness of the mass (Kristensen et al., 1984). 
Contour plot of the results showed steady rise in MMD with increase in the 
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amount of binder solution used (Figure 10a). This trend was also observed for the 
binder solution spray rate. Other workers had also reported that increased binder 
solution spray rate resulted in increased spray droplet size and moisture content in 
the product chamber, which favoured granule growth (Davies and Gloor Jr, 1971; 
Hemati et al., 2003; Kokubo and Sunada, 1997; Lipps and Sakr, 1994; Rambali et 
al., 2001b). ANOVA (Table 11) also showed that interaction of the amount of 
binder solution delivered and the distance between spray nozzle and powder bed 
had a significant negative contribution (β13 = -11.562) to MMD. As further 
illustrated by the contour plot, the effect of amount of binder solution delivered  
showed a decrease with increasing distance between spray nozzle and powder bed 
(Figure 10b). This finding is in agreement with that previously reported by other 
researchers  (Davies and Gloor Jr, 1971; Rankell et al., 1964). 
The percentages of lumps in these experiments were found to range from 0.15 to 
9.24 % (Table 10). Table 11 shows that a significant model (p = 0.000) was 
available to describe the effects of design variables on percentage of lumps in the 
granule batches. This model had relatively high R2adjusted (91.32 %) and R2predicted 
(75.68 %) values. ANOVA revealed that the amount of binder solution (p = 0.009) 
and distance between spray nozzle and powder bed (p = 0.000) had significant 
effects on the percentage of lumps produced (Table 11). It could be seen from the 
contour plot that spray nozzle located further away from powder bed resulted in 
more lumps, possibly due to the weaker shearing action contributed by atomizing 
air pressure meeting the swirling airflow (Figure 10c). Significant squared term 

































































Figure 10. Contour plots of the effects of (a) amount of binder solution delivered 
and binder solution spray rate (hold value at distance between spray nozzle and 
powder bed = 10 mm) on MMD; (b) amount of binder solution delivered and 
distance between spray nozzle and powder bed (hold value at binder solution 
spray rate= 60 g/min) on MMD; (c) amount of binder solution delivered and 
distance between spray nozzle and powder bed (hold value at binder solution 
spray rate= 60 g/min) on lumps (%); (d) amount of binder solution delivered and 
distance between spray nozzle and powder bed (hold value at binder solution 
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bed (p = 0.031) and the percentage of lumps. Figure 10c also shows that the 
amount of lumps increased with the amount of binder solution delivered, which 
was within expectations. 
Span of the granules produced ranged from 1.15 to 1.57. Table 11 shows that a 
significant fitting model (p = 0.000) was developed for span, with high R2adjusted 
(91.44 %) and R2predicted (86.27 %) values. ANOVA indicated that the amount of 
binder solution (p = 0.000) had a linear effect on span of the granules produced 
(Table 11). A negative β1 coefficient suggested that the amount of binder solution 
delivered contributed negatively to span (Figure 10d), which was also reported by 
other investigators (Alkan and Yuksel, 1986; Ritala and Virtanen, 1991). In 
addition, squared binder solution spray rate showed a small positive effect on 
span (Table 11). This was due possibly to the wider size distribution of the 
droplets (Wan et al., 1995a), resulting in granules with wider size distribution. 
Fines in these experiments ranged from 0.43 to 2.70 %. No statistically significant 
model could be developed to correlate fines with the design variables (Table 11). 
ANOVA showed that only the interaction of the binder solution spray rate and the 
distance between spray nozzle and powder bed (p = 0.046) had a significant effect 
on the amount of fines produced (Table 11). This observation implied that an 
increase in distance between spray nozzle and powder bed had resulted in 
increased amount of fines for a particular binder solution spray rate. A decrease in 
binder droplet number with distance travelled had contributed to this observation. 
Fine droplets could have been spray dried as the distance increased. 
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B.1.3. Influence of design variables of first DOE on Hausner ratio 
Hausner ratio of the granules produced ranged from 1.03 to 1.12 (Table 10). A 
statistically significant fitting model (p = 0.021) describing the relationship of 
Hausner ratio with the design variables was established (Table 11). However, the 
R2adjusted (58.36 %) and R2predicted (54.32 %) values (Table 11) showed that this 
model did not fit as well as the other previous models discussed. Flow properties 
of materials are known to be affected by several factors, such as bulk density, size, 
shape, surface roughness, moisture content and cohesiveness of the materials. The 
relatively low R2adjusted and lower R2predicted values could be attributed to the 
exclusion of these factors. Nonetheless, ANOVA showed that the amount of 
binder solution (p = 0.001) had a significant effect on Hausner ratio (Table 11). 
MMD was previously found to increase with the amount of binder solution 
delivered. This increase in particle size with amount of binder solution delivered 
aptly accounted for the better flowability of the granules produced (Jones and 
Pilpel, 1966; Pilpel, 1964). 
B.1.4. Influence of design variables of first DOE on shape of granules 
Roundness of the granules ranged from 2.08 to 2.36 (Table 10). No statistically 
significant model was developed for roundness of the granules but amount of 
binder solution delivered (p = 0.023) and interaction effects of amount of binder 
solution delivered and binder solution spray rate (p = 0.004) were found to be 
statistically significant in affecting roundness of the granules (Table 11). 
Concurrent increases in the amount and spray rate of binder solution had 
intensified the binder action, as well as raising the moisture content in the 
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processor. This would in turn imparted higher plasticity and deformability to the 
granules (Andersson and Bergström, 2005) and rendered them with better 
deformability. Coupled with the higher degree of friction conferred by the 
swirling air flow (Yilmaz et al., 2003) in the product chamber, the moistened 
granules could also be kneaded against the wall and each other, producing 
rounder granules. 
B.1.5. Drug content and content uniformity 
Process parameters for the six centre points in the DOE were similar. Therefore, 
granules produced under these conditions were selected for investigation of drug 
content and content uniformity of the granules produced. Figure 11 shows that 
drug content increased from small to large granules. This was expected as larger 
granules were expected to have received quantitatively more binder solution in 
which drug had been dissolved in. Nonetheless, the overall drug content in the 
batch was found to be close to the theoretical drug content estimated by 
calculation (1.3 %). Narrow standard deviations observed (Figure 11) suggested 
uniform drug distribution in all the granule size fractions. Mean drug content 
values were all greater than the theoretical values for all cases because some 
substrate fines might have been removed and became trapped at the filters or 
other parts of the processor. As a result, the actual feed powder that was 
granulated would be slightly less than actual amount added and therefore gave 
slightly higher drug content values for the samples assayed.  
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Figure 11. Mean drug content for of various size fractions and overall granule 
batch for RunOrder 2 ( ), RunOrder 7 ( ), RunOrder 9 ( ), 
RunOrder 11 ( ), RunOrder 14 ( ) and RunOrder 16 ( ) in the 
central composite design. Dotted line indicates the theoretical drug content.  
B.1.6. Optimization of granulation process 
Table 13 shows the optimized parameters derived from the results with the aid of 
the Minitab statistical software. Composite D-value is a measure of the accuracy 
of prediction. The closer the response to the target, the closer the D-value is to one. 
Therefore, the optimized parameters with D-values of 0.70 or higher were 
considered to be fairly accurate in producing granules with the desired 
characteristics. However, these optimized parameters chosen were not the best 
operating parameters from the technical point of view. It was operationally 
challenging to deliver the binder solution at a distance of 10.08 mm between the 
spray nozzle and powder bed. Furthermore, a higher binder solution spray rate 
was preferred so as to shorten the processing time. Taking everything into 


























value of 0.64, as shown in Table 13. As the composite D-value was generated by 
analyzing the significant models simultaneously, by changing the other 2 design 
variables, i.e. spray rate and distance of spray nozzle to powder bed, a slightly 
lower amount of binder solution (415 g) was predicted to be sufficient to produce 
granules that were close to the target set. 
Table 13. Optimized conditions for FS granulation process. 
 Optimized parameters with 
highest D-value 




























 435.4 50.00 10.08  415 60.00 10 
Lumps (%) -0.04  -0.47  
Hausner 
ratio 1.04  
 1.08  
Span 1.29  1.31 








Replicated granulation runs were conducted according to the chosen optimized 
parameters. The characteristics of the granules produced were examined and 
compared with predicted values (Table 14). According to the model developed, 
the amount of fines would be -0.47 %, which is negligible and comparable to the 
actual value of 0.15 %. Furthermore, the difference between the actual and 
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predicted characteristics was about 12 % and less. Moreover, the granules 
produced exhibited the desirable characteristics specified. Hence, the optimized 
runs were deemed as successful and within expectation. 
B.2. Group 2: second DOE by Box-Behnken design 
With the optimized parameters, the second DOE was carried out to investigate the 
effects of inlet airflow rate (X4), atomizing air pressure (X5) and distance between 
spray nozzle and powder bed (X6).  In the first DOE, the effects of the operating 
parameters mainly affected the MMD, span, lumps (%) and fines (%) of the 
product. Hence, these properties constituted the response variables in the second 
DOE. Design settings and the response variables of all the experiments are shown 
in Table 15. 
Table 14. Predicted and actual characteristics of granules prepared under 
optimized conditions. 













 0.16 0.15 0.14 0.15 (0.01)
 -0.47 N.A. 
Hausner 
ratio 
 1.17 1.15 1.15 1.16 (0.01)
 1.08 6.90 
Span  1.30 1.28 1.30 1.29 (0.01)
 1.31 1.55 
MMD 
(μm) 
 399.5 405.0 404.0 402.8 (2.93)





Table 15. Response variables in Group 2 of Part B. 
Order  Response variables 





16 1□  343.5 1.52 5.46 3.74 
7 2  351.0 1.44 9.99 0.91 
15 3□  353.5 1.46 2.53 3.70 
9 4  440.0 1.42 0.14 3.32 
8 5  296.0 1.81 3.93 11.70 
4 6  268.0 1.82 1.59 11.02 
2 7  369.0 1.60 2.83 9.93 
6 8  299.5 1.70 0.13 9.69 
5 9  398.5 1.36 1.81 0.61 
18 10□  351.5 1.46 4.02 3.21 
11 11  415.5 1.35 12.37 2.61 
12 12  307.5 1.67 7.71 4.84 
17 13□  341.5 1.52 4.52 4.17 
13 14□  350.5 1.41 5.79 0.74 
14 15□  333.5 1.53 5.08 3.71 
10 16  287.5 1.63 0.46 6.29 
1 17  465.5 1.43 7.58 4.53 
3 18  313.0 1.65 3.40 5.56 
* StdOrder refers to the original order of the design while RunOrder refers to the 
exact running order of the experiments after randomization. 
□  denotes center points of the Box-Behnken design.  
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B.2.1. Influence of design variables of second DOE on granule characteristics 
Physical characteristics of the granules produced are shown in Table 15. 
Statistically significant models were developed for describing the relationship 
between the design variables (X4, X5 and X6) and response variables (Table 16). 
ANOVA showed that inlet airflow rate and atomizing air pressure had significant 
effects on MMD, span and percentage of lumps. Both inlet airflow rate and 
atomizing air pressure had negative effects on MMD and percentage of lumps. 
Increased rate of evaporation was expected with increasing air flow rate due to 
improved heat transfer (Hemati et al., 2003; Scott et al., 1964). Therefore, the 
potential for good wetting and agglomeration of the particles would be impaired. 
Furthermore, powder bed would expand with increased inlet airflow rate, thereby 
increasing inter-particle distances. Under these production conditions, the 
particles would possess high kinetic energy and exhibit greater attritive tendencies 
(Scott et al., 1964). The negative effect of atomizing air pressure was in 
agreement with previously reported results (Davies and Gloor Jr, 1971; Lin and 
Peck, 1995; Rambali et al., 2001b). Schœfer et al. (1978b) had shown that granule 
size was directly proportional to droplet size. As atomizing air pressure increased, 
smaller binder droplets were produced (Wan et al., 1995a), resulting in smaller 
granules. Effects of inlet airflow and atomizing air pressure on MMD are depicted 
in Figures 12a.  
In addition, distance between spray nozzle and powder bed was found to have 
significant positive effect on percentage of lumps (Table 16), which agreed with 
the findings of the first DOE. Figure 12b depicts this relationship. In contrast,
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Table 16. Results of ANOVA and response surface modelling for Group 2 of Part 
B. 
Coefficient  MMD  Span  Lumps  Fines 
β0  345.667a  1.484a  4.566a  3.212b 
β4  -36.938a  0.132b  -1.787b  3.842b 
β5  -64.250a  0.120b   -1.219c  0.914 
β6  -6.938  0.019  3.933a  0.019 
β44  -9.083  0.101c  -0.960  3.005b 
β55  17.292b  0.040  0.244  1.544 
β66  -0.333  -0.006  0.358  -0.492 
β45  12.875c  -0.000  0.735  0.017 
β46  11.000c  0.008  -1.096  0.426 
β56  11.125c  0.028  -1.245  -0.186 
R2 (%)  98.78  89.74  92.58  89.26 
R2predicted (%)  89.29  0.00  34.00  0.00 
R2adjusted (%)  97.42  78.21  84.24  77.18 
Regression  0.000*  0.004*  0.001*  0.005* 
Linear  0.000*  0.001*  0.000*  0.001* 
Square  0.012*  0.051  0.511  0.014* 
Interaction  0.010*  0.862  0.138  0.954 
Lack of fit 
significance 
 0.280  0.132  0.272  0.137 
Statistical significance at 0.001 levela, at 0.01 levelb and at 0.05 levelc. 






inlet airflow rate and atomizing air pressure had significant positive effect on span 
(Figure 12c), as these conditions did not favour agglomeration. 
Nonetheless, only inlet airflow rate was found to have significant positive effect 
on the percentage of fines (Table 16).  The increase in airflow rate had impeded 
the agglomeration of the fine particles, leading to increased percentage of fines 
(Figure 12d).  
Squared term of atomizing air pressure (Table 16) was found to be statistically 
significant, indicating that effect of atomizing air pressure on MMD followed 
non-linear relationship. Similarly, effect of inlet airflow rate on span or 
percentage of fines also followed non-linear relationship. 
Part C. Comparison between FS granulation and TS granulation  
Granules made by FS and TS processes using various binder solution spray rates 
were compared to highlight the differences and advantages between the two 
processes. Granules were compared by two broad areas, the physical properties 
and chemical attributes. 
C.1. Physical properties 
C.1.1. Granule size and size distribution 
The MMD and span values of the granules made under different conditions are 
shown in Table 17. For top-spray granulation, MMD of granules increased with 
increasing spray rate. These findings concurred with the findings by other 
researchers (Gao et al., 2002; Lipps and Sakr, 1994; Schœfer and Worts, 1978a; 




















































Figure 12. Contour plots of the effects of (a) inlet airflow rate and atomizing air 
pressure (hold value at distance between spray nozzle and powder bed= 14 mm) 
on MMD; (b) atomizing air pressure and distance between spray nozzle and 
powder bed (hold value at inlet airflow rate= 100 m3/h) on lumps; (c) inlet airflow 
rate and atomizing air pressure (hold value at distance between spray nozzle and 
powder bed= 14 mm) on span;  (d) inlet airflow rate and atomizing air pressure 
(hold value at distance between spray nozzle and powder bed= 10 mm) on fines. 
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droplets sprayed per unit time. At a constant inlet air temperature, the larger 
number of droplets would be expected to produce a wetter bed. This condition 
enhanced the formation of the number of liquid bridges in the wetter bed and 
hence, larger aggregates resulted. Nonetheless, span was not as sensitive as MMD 
to spray rate. It was found that at a lower spray rate, the span of the granules was 
greater. However, at spray rates of 44, 60 and 80 g/min, the span values were 
similar until a very high spray rate was used (100 g/min) when a slight reduction 
in span was obtained. Considering both MMD and span together, increasing spray 
rate, generally resulted in granules with larger particle sizes. As explained by Wan 
et al. (1995), increased spray rate brought about continuous impingement of the 
droplets, causing the more heavily wetted small particles to adhere together. In 
contrast, evaporative effect would be more prominent at lower spray rates and this 
promoted particle coating by the spray droplets rather than agglomerative growth. 
Low spray rates also resulted in longer process times, and therefore, greater 
opportunity for attrition, which did not favour agglomerative growth. 
Similar trend for MMD values was observed with granules prepared by FS. 
Nonetheless, MMD for FG21 was significantly smaller than that of the other 
batches. Furthermore, the span value for FG21 was the highest. The amount of 
fines for FG21 was as high as 28.5 % (Table 17). Figure 13a shows that FG21 had 
significantly higher amount of small particles and smaller amount of large 
particles when compared to TG21.  Clearly, FG21 conditions did not promote 
granule growth.  This observation was clearly due to the swirling airflow in the 
FS processor, which had provided better evaporative capacity. Spray rate of 21 
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Table 17. Granules properties. 










FG21 179 ± 30 2.69 ± 0.14 2.1 ± 1.63 28.5 ± 3.37 3.37 ± 0.64 3.8 ± 1.08A 7.87×10-8 
± 9.17x10-9A 
FG60 407 ± 3 1.32 ± 0.01 0.2 ± 0.01 1.5 ± 0.48 3.13 ± 0.38 8.9 ± 0.31C 9.74×10-8 
± 5.15x10-9BC 
FG80 441 ± 5 1.40 ± 0.01 1.1 ± 0.94 0.7 ± 0.33 2.57 ± 0.39 7.3 ± 0.43BC 9.14×10-8 
± 3.30x10-9B 
FG100 502 ± 12 1.39 ± 0.02 1.4 ± 0.15 0.3 ± 0.24 2.50 ± 0.39 6.9 ± 0.76B 1.04×10-7 
± 7.90x10-9C 
TG21 441 ± 26 1.58 ± 0.11 0 ± 0.01 11.1 ± 2.87 3.58 ± 0.69 16.0 ± 1.02a 6.47×10-8 
± 2.61×10-9a 
TG44 454 ± 33 1.36 ± 0.06 0.7 ± 0.30 0.8 ± 0.29 2.28 ± 0.37 14.2 ± 0.61a 8.65×10-8 
± 3.00×10-9b 
TG60 477 ± 8 1.41 ± 0.04 1.9 ± 0.88 2.3 ± 1.31 2.28 ± 0.28 10.8 ± 0.89b 8.63×10-8 
± 3.58×10-9b 
TG80 536 ± 15 1.37 ± 0.07 4.6 ± 1.07 1.0 ± 0.90 2.54 ± 0.44 7.7 ± 0.71c 9.14×10-8 
± 4.77×10-9bc 
TG100 613 ± 27 1.32 ± 0.02 13.0 ± 2.67 0.7 ± 0.37 2.55 ± 0.45 8.0 ± 0.79c 9.59×10-8 
± 4.30x10-9c 
* Means that do not share a letter are significantly different. Uppercase letter indicates results for ANOVA conducted 
on FG only while lowercase letter indicates results for ANOVA conducted on TG only.  
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g/min enabled satisfactory granulation in the TS processor as indicated by the 
larger proportions of medium and large granules produced. Granule growth rate at 
this spray rate in the FS processor was however slow. The findings indicated that 
FS granulation was not ideal at the lower spray rates suited for TS granulation. 
At a higher spray rate of 60 g/min in the FS processor (FG60), the granules 
produced also had smaller MMD when compared to those of TG60 or TG21. 
Percentage of lumps in FG60 (0.15 %) was found to be far smaller than that of 
TG60 (1.86 %). Similarly, FG60 had the smallest span as well as a lower 
percentage of fines. At higher spray rate, particles were wetted rapidly and grew 
rapidly. Therefore, fine particles were agglomerated early and did not escape from 
impingement of binder solution spray droplets. In addition, higher solution spray 
rate shortened the process time which in turn, minimized the level of attrition 
resulting in less fines being produced. If fine particles were not agglomerated 
immediately as seen when low spray rate was used, they would be elutriated with 
the airflow and became trapped in the filter, remaining ungranulated. In general, 
even at higher spray rate, the FS processor produced granules with smaller MMD 
than the TS processor, and at lower spray rate, under-granulation occurred. 
However, at low spray rate in the TS processor, granules with larger MMD and 
wider size distribution were produced. The amount of lumps was less but the 
amount of fines was more. 
Detailed examination of the recorded in-process parameters and theoretical 
calculation indicated that the drying capacity of FG60 was higher than that of 
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Figure 13. Relative weights of different FS ( ) and TS ( ) granules at spray rate of (a) 21 g/min, (b) 60 g/min, 
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TG60 (Table 4). Hence, the moisture content of FG60 was lower than that of 
TG60 during the granulation process. For a more comprehensive comparison, TS 
granulation with adjusted spray rate of 44 g/min was conducted (TG44). With this 
adjusted spray rate, the moisture content in the TS processor was found by 
theoretical calculations to match that of FG60. At equivalent moisture content 
during the granulation process, FG60 still had smaller MMD, similar span, lower 
percentage of lumps and higher amount of fines when compared to TG44. The 
close proximity of the spray nozzle to the powder bed in the FS processor could 
have contributed to the results. Atomizing air from this spray nozzle exerted 
significant shear effects, which made conditions less favourable to the 
agglomeration of particles, thus reducing the MMD but increasing the amount of 
fines slightly. 
Classifying the granules into small, medium and large size fractions provided 
further insights for the comparison of both processes (Figure 13). As the medium 
size granules are in the optimal size range for tabletting, higher yield of medium 
size granules was desired. The relative weights of medium sized granules between 
the two theoretically similar batches, FG60 and TG44, were 60.2 % and 52.7 % 
respectively. No significant difference in the proportion of these granules was 
observed. The advantage of FS over TS granulation was obvious when higher 
spray rates were adopted for both processes (Figure 13). The desired medium size 
granules remained the largest fraction for FG60 and FG80. More large sized FS 
granules were produced only when spray rate approached 100 g/min in FS. In 
contrast, relatively higher amount of large granules were already observed at 
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TG21. When the spray rate was increased further, majority of TG80 and TG100 
products were large size granules. Furthermore, all FS granules (except the under-
granulated FG21) showed low percentages of lumps and fines as compared to the 
corresponding TS granules. These findings demonstrated the capability of the FS 
processor to produce the desired granule size over a higher and wider range of 
granulation spray rates.  
C.1.2. Granule shape  
Visual examination of the granules (500 μm) by scanning electron microscope 
was conducted and the photomicrographs of representative granules are shown in 
Figure 14. The granule shape was determined by roundness value where unity 
indicates a perfect circle. Roundness values of the various granule batches are 
shown in Table 17. Roundness value of FS granules decreased with increasing 
spray rate. Roundness is often governed by wetting, aggregate remodelling, 
particle-particle adhesion and liquid drying during the granulation process. At 
higher binder solution spray rate in the FS processor, the powder bed wetness 
increased, providing better plasticity for agglomerates to be remodelled. 
Furthermore, the airflow introduced from the side into the fluidizing agglomerates 
provided shear energy to breakdown loosely adhering appendages while 
promoting particle-particle adhesion through particle-particle kneading and 
remodelling. As a result, rounder granules were produced. In contrast, the TS 
granules were subjected to a lower shear environment. It was postulated that at 
TG21, the powder bed was relatively dry and therefore, minimal particle-particle 
remodelling took place. In drier conditions, such as TG21 or FG21, small primary 
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particles were found adhering to the larger granules formed (Figure 14). In 
contrast, powder bed wetness of TG44 and TG60 was optimal for remodelling 
and granule growth. However, in TG80 and TG100, the propensity for adhesion 
due to high moisture content outweighed aggregate remodelling effects, leading to 
greater deviation from circularity. 
C.1.3. Granule friability and density 
Granule friability and estimated density are shown in Table 17. In general, 
friability decreased with increasing binder solution spray rate. Higher spray rate 
resulted in higher moisture content in the powder bed. This aided in the close 
packing of particles during granule growth, as well as the formation of a larger 
number of solid bridges between the agglomerates’ constituent particles upon 
drying. Therefore, granules with higher mechanical strength and lower friability 
were produced when spray rate increased. FG21 had an uncharacteristically low 
friability. The possible reason for this was because the friability test was 
conducted on granule samples with size fraction of 355-500 μm. For 
FG21granulation, this size fraction represented an over-granulated fraction, with 
respect to the MMD of 179 μm. These granules had acquired more binder solution 






Figure 14.  Scanning electron micrographs of FG and TG granules (size about 












T test (p = 0.005) showed that FG60 granules were significantly less friable than 
TG44. Since the moisture contents of FG60 and TG44 were about the same, it 
could be inferred that the centrifugal force in FS had aided in the packing of 
component particles. Using similar binder solution spray rates (FG60 and TG60), 
no significant difference in friability between the granule batches was observed, 
possibly due to the compensatory effect of a wetter bed in the TS processor. 
Similar to friability, packing density of the granules increased with increasing 
binder solution spray rate regardless of the processor type employed. Increased 
moisture content of the powder bed increased the number of liquid bridges in the 
agglomerates formed, leading to closer packing upon drying. Generally, FS 
granules were found to have higher estimated packing density than the TS 
granules. This could again be explained by the contribution of the swirling airflow 
in FS that had provided centrifugal shear forces for consolidation of the adhering 
particles during granule growth phase. 
C.1.4. Granule bulk density and flow properties  
With the use of a powder rheometer, the packing and flow properties of the 
granules were evaluated. The BD, BFE and SI values of the granules are shown in 
Table 18. The bulk density for both TS granules increased with increasing binder 
solution spray rate. T tests showed that at all spray rates (except 100 g/min), FS 
granules had significantly higher bulk densities than corresponding TS granules 
(Table 19). This observation could be attributed to the closer particle-particle 




Table 18. Bulk density, basic flowability energy and stability index of granules. 
Granule batch  BD (g/ml)*  BFE (mJ)*  SI 
FG21  0.58 ± 0.016AB  2055 ± 555A  1.00 ± 0.052 
FG60  0.57 ± 0.005A  4075 ± 127B  1.04 ± 0.063 
FG80  0.59 ± 0.001AB  3932 ± 203B  1.11 ± 0.065 
FG100  0.59 ± 0.009B  4164 ± 59B  1.08 ± 0.026 
TG21  0.45 ± 0.009a  2286 ± 59a  0.73 ± 0.015 
TG44  0.51 ± 0.009b  2950 ± 291a  1.09 ± 0.092 
TG60  0.53 ± 0.009bc  4256 ± 294b  1.03 ± 0.054 
TG80  0.54 ± 0.004cd  3879 ±315b  1.04 ± 0.064 
TG100  0.56 ± 0.018d  4340 ± 448b  1.12 ± 0.060 
* Means that do not share a letter are significantly different. Uppercase letter 
indicates results for ANOVA conducted on FG only while lowercase letter 
indicates results for ANOVA conducted on TG only. 
Table 19. Results of T test in bulk density (BD) and basic flowability energy 
(BFE) comparison of FS and TS granules. 
Comparison  p-value 
BD BFE 
FG21 and TG21  0.001 0.549
FG60 and TG44  0.003 0.026
FG60 and TG60  0.009 0.432
FG80 and TG80  0.004 0.822
FG100 and TG100  0.058 0.570
 
The stability index (SI) assessed the propensity of the powder to change when it 
was made to flow. A SI value closer to 1 indicates that the powder was stable and 
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not duly affected when made to flow (Freeman, 2007). As shown in Table 18, the 
SI value for TG21, 0.73, was significantly smaller than that of other granule 
batches. The TG21 granules probably experienced greater frictional forces when 
made to flow. This observation was aligned with the higher friability value of the 
TG21 granules (Table 17). The fines generated via attrition during handling had 
affected the flow properties of TG21 granules as reflected by the BFE values 
(Table 18). Both TG21 and TG44 granules were found to have significantly lower 
BFE values than the other TS granules due to their relatively high granule 
friability values (Table 17). ANOVA showed that only FG21 had significantly 
poorer flow properties when compared to other FS granules prepared at different 
spray rates. Again, this was attributed to the under-granulation of FG21. When 
comparing BFE values of granules prepared using the two processors with similar 
spray rates, no significant difference was detected (Table 19). Nonetheless, BFE 
values of the theoretically similar pair (FG60 and TG44) were found to be 
significantly different (Table 19). Although the moisture content of the powder 
bed during granulation matched, TG44 granules had higher friability and lower 
bulk density than FG60 granules despite the closeness in mean granule size. 
These affected the flow properties of the granules. 
C.1.5. Granule compressibiliy  
Compressibility of the various granule batches is shown in Figure 15. FG21 had 
the highest compressibility at various normal stresses. An exponential increase in 
compressibility for FG21 was observed when normal stress was increased from 
0.5 kPa to 15 kPa. As FG21 formulation was under-granulated, it had smaller 
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particle size and wider size distribution. Therefore, FG21 was relatively more 
cohesive with more inter-particular air spaces. As the normal stress increased, the 
particles were packed closer together by displacing the inter-particular air. 
Similarly, the relatively large amount of fines and high friability of TG21 
granules also contributed to its relatively high compressibility. In contrast, 
granules prepared by higher spray rate (44 g/min or higher), regardless of FS or 
TS processor, showed rather similar compressibility. 
 
Figure 15. Compressibility of TG21( ), TG44( ), TG60( ), 
TG80( ), TG100( ), FG21( ), FG60( ), FG80( ) and 


























C.2. Chemical attributes 
C.2.1. Drug content  
Drug content analyses were conducted for the batches of granules prepared using 
spray rate of 60 g/min (Figure 16). These granules were selected to examine the 
relative drug contents in the different size fractions of granules produced at the 
optimal spray rate. The drug was incorporated in the binder solution. For the 
amount of binder solution delivered, the theoretical drug content in the granules 
prepared should be approximately 1.38 %, w/w. The theoretical drug content is 
indicated by a dotted line in Figure 16. High drug content uniformity values were 
obtained for both granulation processes as indicated by the low standard 
deviations (< 0.05 %) The small granules had lower drug content in comparison 
to the medium and large granules because these granules acquired less binder 
solution during granulation.  
  
Figure 16. Drug content of FS granules ( ) and TS granules ( ) at binder 
solution spray rate of 60 g/min. Each column represents a granule batch in the 






















Despite the similarity of the drug contents of FG and TG granules, the higher 
proportion of large granules and lower proportion of medium size granule fraction 
TG60 (Figure 13b) made it inferior to FG60. Medium size granules were 
preferred because large granules were associated with the production of tablets 
with higher tablet weight variations (Charinpanitkul et al., 2008; Marks and 
Sciarra, 1968; Tan et al., 1979). In contrast, FG60 had the highest proportion of 
medium sized granules. Granules within this size range were generally found to 
have good flow properties and this is beneficial to downstream processing such as 
blending and tabletting (Tan et al., 1979). 
It should be pointed out that the drug contents in the granule batches were 
generally higher than the theoretical value. This could be attributed to the lower 
moisture contents present in the dried granules as compared to the primary 
particles employed as supplied, usually with higher moisture content. As the 
granules had less moisture content, the sample for drug content assay would 
therefore possessed a relatively higher drug content. In addition, fines in the 
powder feed that were trapped in filter or other parts in the processor were not 
granulated or included in the final product collected. As a result, the actual 
powder feed granulated was gravimetrically less than the theoretical amount and 
contributed to the slightly higher drug content, as the drug was dissolved in the 
granulating liquid. 
C.3. Comparison of process time  
Granulation process time is the sum of wet granulation time and drying time. In 
this study, drying time was fixed at 10 min since the product temperature for 
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TG44, TG60 and FG60 was found to rise and reached a plateau (33-35 ⁰C) after 
drying for about 10 min. Thus, the entire duration for these 3 processes was more 
significantly affected by the wet granulation time. As similar amounts of binder 
solution were delivered, wet granulation completion times averaged 9.43 min for 
TG44 and 6.91 min for FG60 and TG60. Overall, FG60 was more favoured due to 
its relatively shorter process time and superior granule quality attributes. 
When binder solution spray rate was increased to 80 g/min or more, 10 min of 
drying in the fluidized bed was found insufficient as the collected granules still 
appeared damp. Additional drying in the oven was necessary to ensure complete 
drying of the granules. Oven drying was carried out to avoid prolonged drying in 
the fluidized bed chamber, which could affect granule properties by attrition and 
thereby confound the comparison between batches of their granule attributes as 
necessitated in this study. Although increasing binder solution spray rate reduced 
the wet granulation time, this inevitably produced wetter bed and needed more 
prolonged drying. Therefore, judicious selection of process parameters was 
necessary for optimal granulation run to obtain the best granule characteristics 
and achieve granulation run in the shortest possible time. 
Part D. Effects of spray rate and coating formulations on drug 
layering of small non-pareil beads in FS processor  
After understanding the effect of swirling airflow in fluidized bed granulation, the 
feasibility of small particle coating using the FS processor was studied. Part D 
explored the use of FS processor for drug layering by coating. From the previous 
studies, spray rate and coating formulation were identified as the significant 
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factors that could lead to particle agglomeration during coating. Therefore, the 
objective of Part D was to explore these factors in drug layering by coating using 
the FS processor.  
D.1. Effect of spray rate  
The effects of the coating solution spray rate on the yield of the coated beads are 
shown in Figure 17a. Two coating formulations, F1 and F2, were used. F1, 
consisting of HPMC E3, was sprayed at 10 g/min (E310), 20 g/min (E320), 25 
g/min (E325) and 30 g/min (E330). F2, consisting of HPMC VLV, was sprayed at 
25 g/min (VLV25) and 30 g/min (VLV30). Effect of spray rate was studied from 
the results of E310, E320, E325 and E330. ANOVA concluded that the different 
spray rates were statistically insignificant in affecting coating yields (p = 0.286). 
However, ANOVA concluded that spray rate was statistically significant in 
affecting the amount of fines (p = 0.000). Tukey’s test identified that the amounts 
of fines in E310 and E320 were significantly higher than that of E325 or E330 
(Figure 17b). This finding suggested the possibility of greater spray drying effect 
of coating solution droplets and/or attrition of applied coats at the lower spray 
rates. Fines for E310 was found to be highest, suggesting that the coating 
environment was dry and promoted fast premature drying of the sprayed coating 
solution droplets before they could impinge onto the bead surface. In addition, the 
dry condition also promoted attrition of the beads and their coats, leading to the 
higher percentage of fines. Percentage of fines was generally reduced with an 
increase in spray rate (Figure 17b) when moisture content also increased 
accordingly.  However, increasing spray rate increased the liability to 
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agglomeration (Figure 17c). This was expected as the higher spray rate would had 
resulted in larger coating solution droplet size, wetter agglomeration environment 
and formation of a larger number of liquid bridges between the beads (Cahyadi et 
al., 2012; Schœfer and Worts, 1978a; Wan et al., 1995a). Agglomeration is 
generally regarded as unfavourable in particle coating, as even transient adhesions 
could affect the quality of deposited film coats and thus, the uniformity in 
performance of the final coated products. Similarly, excessive fines generated are 
unfavourable, as this would reduce product yield and the fines might affect the 
quality of coats formed. In this study, agglomeration of beads was found to be the 
major problem during drug layering, as it was relatively more sensitive to the 
change in spray rate. In contrast, percentage of fines was limited to about 1 % 
even when the lowest spray rate was employed and had minimal overall effect on 
the useful yield of the coated beads. Therefore, a spray rate of 20 g/min was found 
to be ideal in this study, as it had the highest useful yield (Figure 17d). Although 
spray rate of 10 g/min also showed similar useful yield, it was less favourable due 
to the relatively higher spray drying effect, bead attrition, and more significantly, 
a longer process time. 
D.2. Effect of coating formulation viscosity  
Improvement of the coating process may be enhanced by the use of lower 
viscosity coating polymers. Coating small beads is extremely challenging. The 
low viscosity HPMC VLV may provide a possibility to improve the efficiency of 
coating small beads, especially when layering a substantial amount of drug load 




Figure 17. The effects of spray rate on (a) coating yield, (b) fines, (c) agglomeration and (d) useful yield with coating 































































































layering of the beads was conducted at higher spray rates, i.e. 25 g/min and 30 
g/min. These spray rates were chosen because coating with HPMC E3 at these 
rates produced rather high percentages of agglomeration. Therefore, any 
improvement by lowering the percentage of agglomeration would be easily 
identifiable as an advantage of the film former.  As observed in Figure 17c, there 
was about 8 % reduction in the percentage of agglomeration when HPMC VLV 
was adopted in the coating formulation. This effect was attributed to the reduction 
in viscosity of the coating formulation, which in turn reduced the strength of any 
liquid bridge formed, enabling the freshly established agglomerates to be 
disrupted more easily. Two-way ANOVA showed that both the spray rate (p = 
0.001) and the formulation used (p = 0.004) were statistically significant but the 
interaction of both variables (p = 0.822) did not affect the percentage of coated 
product yield. With HPMC E3, coating at a spray rate of 30 g/min produced 
higher percentage of yield than coating at 25 g/min (Figure 17a).  A similar 
outcome was observed for HPMC VLV, which also showed lower coated product 
yields than HPMC E3. These findings suggested that coating solution containing 
HPMC VLV had a higher tendency of being spray dried when compared to 
HPMC E3 under similar coating conditions. This observation was further 
confirmed by the results shown in Figure 17b. Both VLV25 and VLV30 were 
found to have higher percentages of fines when compared to their respective 
HPMC E3 counterparts. Due to the more significant reduction in percentage of 
agglomeration, small beads coated by HPMC VLV formulations had higher 
useful yields than those coated by HPMC E3. 
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The differences observed in percentage of agglomeration, coating yield and fines 
mentioned previously could be explained by the differences in the viscosity of the 
coating solution (Heng et al., 1996). Generally, high viscosity resulted in high 
level of agglomeration for small particles. Agglomeration occurred through the 
formation of liquid bridges between the small particles. Liquid bridges formed by 
coating solution with high viscosity were more difficult to break and upon drying, 
stronger solid bridges with greater permanence would be formed, leading to 
agglomerates.  Figure 18 shows that both HPMC E3 and HPMC VLV 
formulations were Newtonian fluids, as their shear rates increased linearly with 
shear stresses at 25 °C. The viscosity values were found to be 0.0178 Pa.s for 
HPMC E3 and 0.0126 Pa.s for HPMC VLV formulations at 25 °C. Therefore, the 
substitution of HPMC E3 with HPMC VLV reduced the viscosity of the coating 
formulation by as much as 29 %. Viscosity is affected by the molecular size of the 
polymer. Therefore, lower viscosity of HPMC VLV is due to its lower molecular 
weight when compared to HPMC E3 (Table 20). HPMC VLV has lower weight 
average molecular mass (Mw) and lower number average molecular mass (MN) 
than HPMC E3. Smaller polydispersity index (Mw/MN) of HPMC VLV indicates 
that the polymer molecules are more uniform in size than the HPMC E3. An 
increase in the molecular weight of HPMC was known to increase the level of 
chain entanglement of the polymer (Kawaguchi, 2001). In addition, Lundqvist 
(1999) reported that HPMC adopted full extended rod shape in the solution and 
the intrinsic viscosity of the solution was affected by the molecular weight of 




Figure 18. Shear rate versus shear stress for F1 (■) and F2 (●) coating 
formulations at 25 °C. Standard deviations for each measurement (max = 5.77) 
were too small to be marked on the figure. 
Table 20. Properties of HPMC E3 and HPMC VLV. 
 HPMC E3 HPMC VLV 
Mw 2.03 × 104* 1.28 × 104 
MN 8.08 × 103* 5.51 × 103 
Mw/MN 2.51* 2.32 
Methoxyl (%) 28-30 27-30 
Hydroxypropyl (%) 7-12 4-7.5 
*Data provided by supplier, with reference to Keary, 2001. 
Mw is weight average molecular mass while MN is number average molecular 
mass. 
HPMC VLV resulted in comparatively less polymer to polymer interactions and 


























distribution polymer molecules of HPMC E3. As a result, a lower solution 
viscosity was observed for HPMC VLV. 
The coating formulations also contained PVP-C15. The major pharmaceutical use 
of PVP is binder or adhesive in granulation or tabletting. However, PVP-C15 in 
the HPMC formulations served as an anti-tack agent. The anti-tack effect of PVP-
C15 was manifested via disruption of hydrogen bonding between the HPMC 
polymer chains (Chan et al., 2003). It was postulated that PVP-C15 interacted 
with the hydroxypropyl substitute in the HPMC molecule. HPMC VLV had less 
hydroxypropyl substitute when than HPMC E3 (Table 20). Therefore, the 
interaction might be more prominent in HPMC VLV.  
The effect of temperature on both HPMC E3 and VLV formulations were studied 
using the suspended level viscometer immersed in a water bath. Figure 19 shows 
the flow time of the samples at different temperatures. As viscosity is directly 
proportional to the time taken for the sample to flow, a shorter duration indicates 
a lower viscosity and vice versa. HPMC is known to be a gelling polymer and the 
increase in viscosity of both formulations could be explained by the gel formation 
that occurs at a higher temperature. The temperature at which the viscosity 
reaches a minimum is called the incipient gelation temperature (IGT) (Sarkar, 
1979). The IGTs for HPMC E3 and HPMC VLV were found to be 52 ⁰C and 50 
⁰C, respectively (Figure 19). Both formulations showed decreasing viscosity with 
increasing temperature from 25 ⁰C to their respective IGTs and HPMC VLV 




Figure 19. Effect of temperature on flow time of HPMC E3 formulation (○) and 
HPMC VLV formulation (●). 
However, viscosity of both formulations increased with increasing temperature 
from IGT to 59 ⁰C. Above 52 ⁰C the viscosity of HPMC VLV formulation 
became higher than that of HPMC E3 formulation (Figure 19). Sarkar (1979) 
reported that the methoxyl substitution in HPMC was responsible for gelation and 
the hydroxypropyl substitution could modify the gelation characteristic 
significantly. By using different grades of HPMC with similar degrees of 
methoxyl substitution but different molar substitutions of hydroxypropyl, Sarkar 
(1979) showed that the difference in IGTs of these HPMC grades was less 
significant at low concentration (≈ 5 %, w/w) but significant at high concentration 
(≈ 10 %, w/w). As shown in Table 20, HPMC E3 and HPMC VLV have similar  
levels methoxyl substitution but HPMC VLV has significantly lower 
hydroxypropyl substitution than HPMC E3. This could had accounted for the 

















polymer molecules were hydrated and there was little polymer-polymer 
interaction other than simple entanglements at low temperatures. As the 
temperature was increased, the molecules would lose their water of hydration 
gradually, accompanied by a drop in viscosity. When a sufficient, but not 
complete dehydration of the polymer occurred, polymer-polymer association 
would take place, forming an infinite network structure with sharp rise in 
viscosity (Sarkar and Walker, 1995). As HPMC VLV has less hydroxypropyl 
substitution, it is more hydrophobic than HPMC E3. As a result, HPMC VLV 
would lose its water of hydration more easily upon heating and form the infinite 
network structure earlier than HPMC E3. Hence, HPMC VLV showed a higher 
viscosity than HPMC E3 at higher temperature. Nonetheless, the difference 
between their IGT values was slight and expected to have only minimal effects on 
the coating of small beads.  
When fine coating solution droplets impinged onto the surface of the beads, they 
spread immediately. Due to the dry condition and high temperature provided by 
the inlet air in the FS processor, the coating solution droplets deposited were 
rapidly dried to form a solid film on the surface of the beads. As HPMC VLV had 
lower viscosity than HPMC E3, the HPMC VLV coating solution would form 
smaller droplets, which had higher specific surface area and thus dried faster. 
Although the transition of the liquid to solid state inevitably involved the high 
viscosity state, the duration for HPMC VLV to transverse this state would be 
comparatively shorter and therefore, minimized the chances for formation of 
inter-beads liquid bridges essential for agglomeration. In contrast, HPMC E3 
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would have a relatively longer transition time in this high viscosity state and 
therefore, could potentially lead to a higher percentage of agglomerates.   
D.3. Friability index of uncoated and coated beads 
ANOVA showed that uncoated beads had significantly (p = 0.000) higher 
friability index when compared to the coated beads (Table 21). Therefore, it could 
be inferred that the coat formed on the surface of the beads provided extra 
mechanical strength to resist breakage. On the other hand, two-way ANOVA 
showed that the coating polymer employed in the formulation affected the 
friability index significantly (p = 0.007) while spray rate had statistically 
insignificant effect (p = 0.538). The mechanical properties of the coat had resulted 
in such observations. Figure 20 shows the films formed upon drying of the 
coating formulation used in this study. Figures 20a and 20b are the films formed 
when metformin hydrochloride was excluded from the coating formulations. It 
was observed that the dried film of HPMC VLV was more brittle than that of 
HPMC E3. This observation was in agreement with an earlier study, where films 
formed by HPMC VLV without plasticizer were found to be too brittle and 
cracked (Bruce et al., 2011). However, when metformin hydrochloride was added 
into the formulation, the films became mechanically stronger and less porous 
(Figures 20c and 20d). Under the microscope, the drug loaded film of HPMC E3 
appeared more porous than the film formed by HPMC VLV (Figures 20e and 20f).  
As water was removed during drying, less water was available to keep metformin 
hydrochloride dissolved in the coating solution. Therefore, the drug molecules
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Table 21. Friability index of beads. 
Beads Friability index (%) 
UC 12.4 ± 1.5 
E325 6.9 ± 0.3 
E330 6.4 ± 0.5 
VLV25 5.3 ± 0.2 
VLV30 6.1 ± 0.7 
 
re-crystallized in the film. Upon further drying, crystal growth was found to 
continue. The presence of HPMC and PVP in the formulations affected the 
orderly crystal growth. Since both coating formulations contained similar amounts 
of PVP, the difference observed between the films (Figures 20e and 20f) was 
likely due to the different HPMC grades in the formulations. 
The larger polymer molecules of HPMC E3 created more spaces in the film and 
affected the crystal growth of metformin hydrochloride. In contrast, HPMC VLV 
caused less disruption as the smaller molecules of HPMC VLV formed a less 
porous film for more uniform crystal growth. Hence, the film coat formed by 
HPMC VLV was visually less porous than that formed by HPMC E3. As a 
consequence, the HPMC VLV coat was mechanically stronger and resisted 
breakage better, resulting in lower friability index observed. 
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Figure 20. Dried films of (a) HPMC E3 formulation, F1 without metformin 
hydrochloride, (b) HPMC VLV formulation, F2 without metformin hydrochloride, 
(c) HPMC E3 formulation, F1, (d) HPMC VLV formulation, F2 (e) HPMC E3 









D.4. Drug content of drug layered beads  
The model drug, metformin hydrochloride, was dissolved in the coating 
formulations F1 and F2. The main film forming agent in the coating formulations 
F1 and F2 were HPMC E3 and HPMC VLV respectively. Figure 21 shows that 
the drug contents of the various batches of drug layered beads with coating 
formulations F1 and F2. The drug content of these batches ranged from 12.8 %, 
w/w to 13.2 %, w/w, which were close to the estimated theoretical value of 
13.1 %, w/w. One-way ANOVA showed that spray rate had no significant effect 
on the drug content for HPMC E3 formulations (p = 0.137). Two-way ANOVA 
also showed that formulation (p = 0.053), spray rate (p = 0.068) and interaction 
effect of both (p = 0.682) had no significant effect on drug content when E325, 
E330, VLV25 and VLV30 were examined. Therefore, the spray rates employed in 
this study and lower viscosity of HPMC VLV formulation did not result in 
significant variation in drug content of the coated beads.  
Part E. Drug layering on small beads using FS processor  
HPMC VLV was identified as better than HPMC E3 for coating in the earlier 
investigations. Therefore, coating formulations containing HPMC VLV were 
studied in greater detail to identify the ideal formulation that could be used for 
finding the shortest possible continuous coating process time to obtain a drug 





Figure 21. Drug contents of drug layered beads at various spray rates with F1 
( ) and F2 ( ) coating formulations. Dotted line indicates the theoretical 
drug content of the drug layered beads. 
E.1. Optimization of formulation for drug layering on small beads for 
one-to-one weight gain  
The solid content of the formulation is another major factor that could impact the 
coating process time. A high solid content in the coating formulation is usually 
favourable for shortening the process time but it could lead to increased  viscosity 
of the coating formulation and this could potentially lead to higher risk of 
agglomeration (Heng et al., 1996). As a result, it was necessary to identify a 
formulation with the highest possible solid content without the consequence of 
unacceptably high level of bead-bead agglomeration. As shown in Part D, the 
lower viscosity HPMC VLV made it more adaptable for film forming than HPMC 
E3. At the same viscosity, the coating formulation containing HPMC VLV would 























HPMC E3 is the commonly used film forming agent in particle coating. Therefore, 
F1 could be considered as the “control” HPMC E3 formula used as the standard 
formula to determine the optimized spray rate and for comparison with the other 
formulations (F2 to F7) containing HPMC VLV. Formulations containing HPMC 
VLV had lower viscosity than that of equivalent composition containing HPMC 
E3 with comparable solid contents (Table 22). The viscosity values increased with 
increasing solid contents as can be seen from the viscosity values  of F2 to F7. 
The viscosity of F4 was found to be closest to F1. Nonetheless, F5 was selected 
for further study due to two reasons. Firstly, the higher solid content of F5 could 
potentially shorten the coating process time. Secondly, as F1 already produced a 
very low level of agglomeration, less than 5 %, w/w, there was the potential for a 
higher viscosity coating formula to be used. Since the acceptable agglomeration in 
this study was fixed at about 10 %, w/w, a higher viscosity than F4 formulation 
should be tolerable. 
E.2. Drug layering of small beads for one-to-one weight gain  
There are no reported attempts on one-to-one weight gain drug layering especially 
onto beads of mean size smaller than 500 μm and using continuous coating, i.e. 
the coating process is not interrupted for any reason. This is possibly due to the 
high agglomeration tendencies, the need for intermittent sprays to avoid 
agglomerations and fractionisation of the coated particles during the process to 
remove any agglomerates present. Triplicate batches of drug layering were 
conducted with F5 as the coating formulation at optimized spray rate of 20 g/min. 
As a total of 7331.4 g of coating solution was continuously sprayed in each
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Table 22. Viscosities of various formulations at 25 ⁰C. 
Formulation   Solid content (%) Viscosity (Pa.s) 
F1  22.0 1.78 × 10-2 ± 8.85 × 10-5 
F2  22.0 1.26 × 10-2 ± 4.31 × 10-5 
F3  23.8 1.54 × 10-2 ± 7.36 × 10-5 
F4  25.5 1.86 × 10-2 ± 7.39 × 10-5 
F5  27.2 2.19 × 10-2 ± 1.61 × 10-4 
F6  29.0 2.59 × 10-2 ± 8.28 × 10-5 
F7  30.8 3.21×  10-2 ± 1.87 × 10-4 
 
coating run, the total coating process time was about 6.1 h. This layering process 
time was deemed to be acceptable as it could be completed within one day’s shift, 
from the pharmaceutical industry’s point of view. 
In term of the performance of the coating process, high coating yields were 
observed in all 3 batches of drug layered beads using coating formulation F5 
(Table 23). Agglomerates (> 710 μm) contributed to about 10.5 %, w/w, a low 
level in part due to the efficient drying in the processor. The swirling airflow in 
the FS processor provided better heat transfer than axial airflow (Yilmaz et al., 
1999) by allowing more air to transverse through the processor. In addition, the 
bottom swirling air and side spray enveloping air had provided a cross-current 
attritive condition suitable for breaking down juvenile agglomerates composed of 




Table 23. Physical characteristics of small drug layered beads with one-to-one 
weight gain.  
Characteristic Result 
Coating yield (%) 98.12 ± 0.22 
Agglomeration (%, w/w) 10.55 ± 1.39 
Useful yield (%, w/w) 89.39 ± 1.39 
Fines (%, w/w) 0.07 ± 0.01 
Weight gain (%) 102 ± 6 
 
Fines contributed to about 0.07 %, w/w (Table 23). This low percentage of fines 
suggested that attrition of the small beads and spray drying of the coating 
formulation droplets were insignificant. Useful yields of the drug layered batches, 
after the removal of the agglomerates and fines by sieving, were almost 90 %, 
w/w (Table 23). These experimental results showed that the FS processor was 
capable of coating non-pareil beads with a high useful yield in a relatively short 
process time.  
E.3. Physical examination of drug layered beads with one-to-one 
weight gain  
Weight gain of the drug layered beads was estimated to be about 102 % (Table 
23). The particle size and shape parameters of the uncoated beads and drug 
layered beads are shown in Table 24. It was observed that the particle size 
parameters of the 3 drug layered batches (C1-C3) were similar and there was an 
increment of about 110-120 μm in diameter when compared to the uncoated beads 
or an increase of about 30 % in diametrical dimensions. Furthermore, the drug 
layered beads were found to have slightly lower span when
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Table 24. Particle size and shape parameters of drug layered beads with one-to-
one weight gain. 










 Span  Roundness 
UC  387 398 412 428 448  0.15  1.13 ± 0.17 
C1  498 510 526 545 566  0.13  1.56 ± 0.36 
C2  497 510 526 543 567  0.13  1.52 ± 0.42 
C3  498 512 528 545 570  0.14  1.54 ± 0.42 
 
 compared to the uncoated beads. In contrast, the increase in roundness values of 
drug layered beads indicated that drug layered beads were not as spherical as the 
uncoated beads (Table 24). These findings suggested relatively uniform growth of 
the beads during drug layering, resulting in the retention of the original bead 
shape but magnified by the evenly thickened surface through layering. The net 
outcome was an apparently less spherical product. Despite, the coated beads being 
not as spherical as the uncoated non-pareil beads, qualitative examination of the 
beads showed that they had smoother surfaces than the uncoated beads (Figures 
22a and 22b). The drug layered beads had more wavy surfaces, manifestation of 
the original bases they were from, which accounted for the higher roundness 
value. Figures 22c and 22d show the cross-sections of a typical uncoated bead and 
drug layered bead, respectively. A clear demarcation line between the uniform 
coating and the bead was observed.  
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E.4. Chemical analysis of drug layered beads with one-to-one weight 
gain  
The drug layered beads were subjected to drug content analysis for confirmation 
that drug was layered on the beads without substantial losses. Based on the 
formulation F5 used in this study, the theoretical drug content in the drug layered 
beads would be 36.4 %, w/w. Both size fractions (355-500 μm and 500-710 μm 
fractions) of the 3 batches (C1-C3) had drug contents very close to the theoretical 
value (Table 25). The small standard deviations of the different size fractions of 
each batch showed that the beads were uniformly coated with F5.  
Figure 22. Scanning electron micrographs of whole (a) uncoated bead, (b) drug 





Table 25. Drug content of drug layered beads. 
Batch Drug content (%, w/w) 
355-500 μm fraction 500-710 μm fraction 
C1 35.6 ± 0.2 35.1 ± 0.9 
C2 36.1 ± 0.4 35.8 ± 0.2 
C3 35.6 ± 0.2 36.1 ± 0.1 
 
Based on the results, it can be seen that a high level of drug loading could be 
achieved onto small beads, with the drug layered beads still about 500 µm in 
mean size. Thus, with the application of a diffusion barrier, it is possible to 
develop a sustained release product. This could be an interesting extension of  the 













































The operation and capability of the FS fluidized bed processor adapted with a 
swirling airflow were successfully investigated using two DOE studies. It was 
established that the amount and spray rate of binder solution affected the size, size 
distribution, flowability and roundness of the granules, as well as the percentage 
of lumps produced. The amount of binder solution correlated positively with 
granule size and percentage of lumps but negatively with size distribution and 
flowability whilst spray rate affected granule size positively. Increasing the 
distance between spray nozzle and powder bed increased the percentage of lumps. 
Some of the interactions were statistically significant. The overall drug content 
uniformity in the granules was generally high. 
Models were successfully developed to describe the relationships between 
specific variables and responses. Inlet airflow rate and atomizing air pressure 
were related to granule size and percentage of lumps inversely but correlated 
positively with size distribution. The percentage of fines was significantly 
affected by inlet airflow rate. The distance between spray nozzle and powder bed 
showed a positive effect on the percentage of lumps produced. 
FS granules and TS granules prepared at various spray rates were compared. 
Increasing spray rate generally produced larger granules with narrower size 
distribution, lower percentage of fines and better flow. High drug content 
uniformity was found for both processes as indicated by low standard deviation 
values. Binder solution spray rate affected the two granulation processes to 
different degrees. Due to the high drying capacity of the swirling airflow, FS 
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granules prepared using a low spray rate were under-granulated. FS granules were 
generally smaller and possessed more medium sized granules at higher spray rates 
(60 and 80 g/min). At very high spray rate (100 g/min), large sized granules were 
predominant. On the contrary, TS granulation at a lower spray rate (21 g/min) was 
possible but the granules had a relatively larger amount of fines and with poorer 
flow properties. The size of TS granules increased to a greater extent with 
increasing spray rates (80 and 100 g/min), resulting in an unfavourable shift of 
modal fraction from medium to large granule sizes. These results were attributed 
to the lower drying capacity and less particle shear in the TS processor. A lower 
spray rate was more suited for TS granulation. Running a fluidized bed processor 
at lower spray rates would inevitably incur longer process times. FS granulation 
showed better stability and efficiency without compromising the quality of 
granules produced. 
Besides its use in granulation, the swirling airflow was explored for drug layering 
of small non-pareil beads by spray coating. Investigations on the effect of spray 
rate and coating formulation on FS drug layering were conducted.  Increasing 
spray rate increased the percentage of agglomeration and reduced the useful yield. 
Nonetheless, a higher spray rate would be translated to a shorter process time. 
Spray rate of 20 g/min was found to be optimal as it was the highest spray rate 
possible to achieve less fines, less agglomerates and a higher useful yield.   
HPMC VLV was better than HPMC E3 for coating formulations used for drug 
layering of small non-pareil beads. Drug layering with HPMC VLV was found to 
produce a lower percentage of agglomeration and therefore, higher percentage of 
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useful yield. These outcomes were attributed to the lower viscosity of the HPMC 
VLV formulation. Beads layered with HPMC VLV were found to have lower 
friability index than those layered with HPMC E3. This was attributed to the less 
porous film formed by HPMC VLV formulation. It was postulated that the 
smaller molecules of HPMC VLV formed a less porous film for more uniform 
crystal growth. 
The findings on coating formulations were extended to drug layering onto small 
beads for one-to-one weight gain. Nonetheless, drug layering of small particles is 
of strong commercial interest as higher drug dose can be deposited. Part D 
investigated some important aspects in coat layering such as the coating 
formulation for drug layering and the spray rate to achieve a satisfactory process 
time and acceptable product quality. As HMPC VLV was better for film forming, 
it was used in the drug layering formulation with a higher solid content (27.2 %, 
w/w). This translated to a shorter layering process time. The one-to-one weight 
gain drug layered beads were about 10 % agglomerated, with about 90 %, w/w 
useful yield and minimal amount of fines, suggesting little loss due to spray 
drying effect and attrition during the layering process. Both physical examination 
and content determination showed that the drug layering was uniform and the 
beads grew uniformly. 
In conclusion, swirling airflow was found advantageous when incorporated in the 
fluidized bed processor. The adoption of swirling airflow had resulted in a better 
drying capacity for the processor, which enabled it to be more tolerant to a higher 
solution spray rate. For FS granulation, this implied that shorter process time is 
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possible without compromising product quality. In addition, the enveloping air 
with side entry two-fluid nozzle could exert some shear on the fluidized product 
bed and induce a certain attritive environment for separating weakly adhering 
beads while undergoing coating. Coupled with the higher drying efficiency of the 
process, coating formulation dried faster and therefore, agglomeration could be 
minimized in coating. The FS processor is therefore an attractive alternative to the 
conventional TS processor.  
The findings from this study could be extended to other investigations. 
Compaction behaviour of the granules produced by FS processor and TS 
processor may be examined. In addition, the application of process analytical 
technology (PAT) in FS processor could provide greater depth in the 
understanding of the process. In addition, the FS processor could be explored for 
coating of irregular shape particles, which are known to be more challenging than 
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